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Abstract 
Time-domain Brillouin scattering is an all-optical experimental technique based on ultrafast 
lasers applied for generation and detection of coherent acoustic pulses on time durations of 
picoseconds and length scales of nanometers. In transparent materials scattering of the probe 
laser beam by the coherent phonons permits imaging of sample inhomogeneity. The transient 
optical reflectivity of the sample recorded by the probe beam as the acoustic nanopulse 
propagates in space contains information on the acoustical, optical, and acousto-optical 
parameters of the material under study. The experimental method is based on a heterodyning 
where weak light pulses scattered by the coherent acoustic phonons interfere at the 
photodetector with probe light pulses of significantly higher amplitude reflected from various 
interfaces of the sample. The time-domain Brillouin scattering imaging is based on Brillouin 
scattering and has the potential to provide all the information that researchers in material 
science, physics, chemistry, biology etc., get with classic frequency-domain Brillouin 
scattering of light. It can be viewed as a replacement for Brillouin scattering and Brillouin 
microscopy in all investigations where nanoscale spatial resolution is either required or 
advantageous. Here we review applications of time-domain Brillouin scattering for imaging 
of nanoporous films, ion-implanted semiconductors and dielectrics, texture in polycrystalline 
materials and inside vegetable and animal cells, and for monitoring the transformation of 
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nanosound caused by nonlinearity and focusing. We also discuss the perspectives and the 
challenges for the future. 
 
I. INTRODUCTION 
 
Imaging materials and probing their properties (morphology, electrical and magnetic 
properties for example) at the nanoscale with near-field methods such as Scanning Force 
Microscopy
1
, including all its extensions (Atomic Force Microscopy AFM
2,3
, magnetic Force 
Microscopy MFM
4
, piezoelectric Force Microscopy PFM
5
, STM-Scanning Tunneling 
Microscopy
6
, Near-field Scanning Optical Microscope NSOM
7
 and AFM-based 
nanotribology tools
8
) has been significantly improved since the nineteen eighties and 
represents now an array of powerful diagnostics in materials science, in nanotechnology and 
in biology as well
9
. When the properties or characteristics of interest are not limited to the 
surface or/and not accessible by the near field methods, i.e., it means when the region to be 
probed is beneath the surface typically (10 nm-1  m), different strategies are required to get 
the information, most of them being based on the use of a penetrating beam or wave to probe 
the materials. Electron beams can be used to realize subsurface image of materials by cross-
section analysis with atomic resolution through the well-known Transmission Electron 
Microscopy TEM or with high resolution transmission electron microscopy HRTEM but these 
techniques require however individualized sample preparation and materials that do not 
undergo damage under electron beams irradiation
10
. X-Ray Reflectivity (XRR) is also widely 
used for the studies of thin and ultra-thin films, and with specific algorithms, permits 
reconstruction of the structure profile of these films
11
. Optical super resolution methods have 
been recently developed for biological materials imaging including photo-activated 
localization microscopy (PALM) and stochastic optical reconstruction microscopy 
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(STORM)
12,13
. In general, optical confocal spectrometry such as used in Brillouin and Raman 
spectroscopies permit subsurface investigation through depth dependent lattice dynamics. But 
even with latest confocal optical geometry, the Brillouin and Raman spectroscopy based 
imaging of materials remains limited to micrometer scale
14,15
. Besides electromagnetic waves 
and electrons or particles beams, the use of penetrating acoustic waves is also very widely 
used for imaging in both materials science and medicine
16-20
 (Fig. 1). The so-called 
"echography" is based on the analysis of reflection and transmission of ultrasound with 
various extensions (which is out of the scope of this review). Echography is also well-known 
in structural health monitoring for investigation at a macroscopic scale and is based on 
imaging with traditional bias-controlled piezoelectric transducers that are used to emit and 
receive the sound waves. Standard medical ultrasound imaging gives an in-depth resolution 
not better than tens of micrometers, because of MHz limited instrumental bandwidth and of 
the viscous damping of sound at the frequencies higher than a few MHz, thus precluding 
nanoscale imaging. Nanoscale imaging can be achieved using particular methods of 
picosecond ultrasonics. 
Picosecond ultrasonics, pioneered in the 1980ies
21-25
, is a technique that uses ultra-short 
pump laser pulses to generate coherent acoustic pulses (CAPs) through the optoacoustic effect 
and uses time-delayed, ultra-short probe laser pulses to detect the CAPs (through the acousto-
optic effect) as the CAPs propagate through a transparent medium or reach surfaces or 
interfaces of an opaque medium. See Fig. 1 (a). A thin film pump-light-absorbing 
optoacoustic generator for launching the CAPs into transparent samples can be located on the 
interface of a film and a substrate
26-28
 as in Fig. 1 (a). The thin film generator (semitransparent 
for probe laser pulses) can be also deposited on the front surface of a transparent film or bulk 
material
23-25,29-31
 as in Fig. 5(a). Even a single atom layer light absorber
32
 can be used to 
generate the CAPs. There is no need for additional optoacoustic generators in the case of a 
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pump light absorbing substrate, film or bulk material
26,33-35
 as in Fig. 6(a). The mechanism of 
the optoacoustic transformation is mainly thermo-elastic, i.e., deformation of the material by 
stresses induced by laser-induced heating
22,36
. The other mechanisms, such as electron-hole-
phonon deformation, the inverse piezoelectric effect, electrostriction, etc., can be efficient 
under particular circumstances
22,36-38
. The duration of the CAP depends, in general, on the 
duration of the pump laser pulses, the life time of the photo-induced mechanical stresses and 
the time of sound propagation across the localization depth of the photo-induced mechanical 
stresses, which, in turn, depends on the pump light absorption depth
22,36,37
. 
In the case where sound generation takes place in an opaque (metallic) thin film attached 
to the sample, as shown in Fig. 1 (a) and 5(a) the thickness and absorption of the thin film 
determine the acoustic pulse length. Through optimization of the optical and material factors 
involved in producing the acoustic wave, it is possible to generate coherent acoustic pulses of 
picoseconds duration with spatial lengths of nanometers making them suitable for nanoscale 
imaging.                     
In application to transparent materials, the technique of picosecond ultrasonics was originally 
referred to as picosecond acoustic interferometry (PAI)
23-25
. In optically transparent materials 
(see Fig. 1) the probe laser pulse preferentially interacts with those GHz-frequency phonons 
in the CAP spectrum that satisfy the momentum conservation law for photon-phonon, photo-
elastic interaction, that is, they satisfy the Brillouin scattering (BS) condition
22,39,40
. The 
experimental method is based on heterodyning where weak light pulses scattered by the 
coherent acoustic phonons interfere at the photodetector with probe light pulses of 
significantly higher amplitude reflected from various interfaces of the sample (Fig. 2(a)). 
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FIG. 1. Principles of opto-acousto-optic depth profiling by picosecond acoustic interferometry. (a): A thin film pump-
light-absorbing optoacoustic generator for launching the coherent acoustic pulses into transparent samples is located on 
the interface of a film and a substrate. The transient optical reflectivity signal (b) contains a sinusoidal oscillating 
component, the Brillouin oscillation. The Brillouin frequency in an inhomogeneous film can change with time28. In the 
left part of (c) a comparison of the experimental Brillouin oscillation, in black, with model constant-frequency Brillouin 
oscillation, in red, reveals an increase in the experimental Brillouin frequency, also evidenced by the Fourier transform 
in a moving time window in the right part of the figure. Reproduced with permission from ACS Nano 6, 1410 (2012). 
Copyright 2012 American Chemical Society. In (d) the Brillouin oscillation amplitude in an inhomogeneous medium, in 
black, exhibits variations in addition to those caused by the probe photons and the CAPs absorption in homogeneous 
media, shown in red42, while the Brillouin frequency is fairly constant. Reproduced from Appl. Phys. Lett. 94, 111910 
(2009), with the permission of AIP Publishing. 
 
The recorded transient optical reflectivity signal is proportional (to first order) to the product 
of the electric fields of the two light fields. Thus, heterodyning of a weak field against a 
strong one is achieved. The measured signal varies with time because the relative phase of the 
light scattered by the CAP and reflected by immobile interfaces continuously changes with 
time due to the variation in the spatial position of the CAP. If the CAP propagates at a 
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constant velocity in a spatially homogeneous medium, the phase difference between the 
interfering light fields changes in time linearly causing sinusoidal variations in the signal 
amplitude at a frequency precisely equal to the Brillouin frequency (BF)
22-25
 (See Fig. 1 (b) 
and Section II). The acoustically-induced oscillating contribution to the reflectivity signal (see 
Fig. 1 (c) and (d)) is commonly known as the Brillouin oscillation (BO). In view of the above 
mentioned intrinsic relations of the PAI to the Brillouin scattering the technique is currently 
more and more often called the time-domain Brillouin scattering (TDBS). In the collinear 
scattering geometry, the BF depends linearly on the product of the sound velocity and the 
optical refractive index of the sample at the probe wavelength. The potential of the PAI for 
depth-profiling of the materials has been explicitly pointed out in Ref. 24, viz., “Velocity 
variations as a function of distance from the surface can be determined from a measurement 
of how the period of oscillation varies with time delay of the probe pulse”. Surprisingly 
though, the first experimental application of the PAI for depth-profiling was published almost 
20 years later
41
. At the same time, it was shown experimentally
42
 that the information on 
material spatial inhomogeneity can be revealed by monitoring the evolution in time not of the 
frequency of the BO, but rather its amplitude. Indeed, the amplitude of the acoustically-
induced transient reflectivity signal is proportional to the strength of the acousto-optic 
interaction, that is, to the photo-elastic constant characterizing variation of the optical 
properties of the probed media with acoustic strain
39,40
. An inhomogeneity in the material 
photo-elasticity could be the dominant mechanism providing the contrast for depth-profiling 
by the TDBS
28,42
. Following the first experiments on depth-profiling of ion-implanted 
crystals
42
 and nanoporous thin films,
41
 progress was reported in both of these applications
28,43-
46 
and extended to imaging of radiation damage
43-45
. More recently the TDBS was applied to 
two and three-dimensional imaging of textured polycrystalline materials at high pressures
47,48
 
and inside both plant and animal cells
49-51
. Very recently the TDBS was used to reveal the 
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gradient of the temperature distribution in liquid
52
. The imaging was based on analysis of the 
temporal evolution of either the BF 
47,50,52
 (Fig. 1 (c)) or the BO amplitude
43-46
 (Fig. 1 (d)), or 
of both
28,48,49
. An axial resolution of about 40 nm was achieved in low-k nanoporous sub- m  
thick films
28,41
 and of about 30 nm in ion-irradiated semiconductors
42,43
. 
Among other imaging techniques based on the combination of coherent acoustical and optical 
waves it is worth mentioning for comparison the optoacoustic (photoacoustic) microscopy
53-60
 
applied for imaging at mm/ m spatial scales. In optoacoustic imaging coherent acoustic 
waves, thermo-elastically generated by the optically-induced heating of spatially 
inhomogeneous media, read the information on the inhomogeneity and deliver it to the 
detection modality. The contrast is primarily due to spatially inhomogeneous optical 
absorption. Photoacoustic microscopy (PAM) and optical-resolution photoacoustic 
microscopy (OR-PAM) have seen their widest application in biology and medicine
55-60
. The 
physical principles of TDBS imaging and the origin of the contrast in TDBS imaging are 
drastically different from those in optoacoustic (photoacoustic) imaging. In TDBS imaging 
coherent ultrashort acoustic pulses travel in the inhomogeneous medium, while probe light 
pulses read information on the material parameters at the current position of the coherent 
acoustic pulse and deliver it to the detection modality. The contrast in PAI imaging is usually 
a result of the spatial inhomogeneity of optical properties (refractive index), acoustical 
properties (sound velocity and acoustic impedance) and/or opto-acoustic properties 
(photoelastic tensor). 
Speaking generally, TDBS imaging is based on Brillouin scattering and has the potential to 
provide all the information that researchers in materials science, physics, chemistry, biology 
etc., get with classic frequency-domain Brillouin scattering (FDBS) of light. However, TDBS 
incorporates Brillouin scattering not by the thermal phonons that exist at all points of the 
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sample, but rather by the coherent phonons of much higher amplitudes intentionally launched 
into and highly localized in the sample. Thus, in addition to its reliability and speed for three 
dimensional imaging of transient processes at nanoscale, TDBS can be viewed as a 
replacement for Brillouin scattering and Brillouin microscopy
14,15
 in all investigations where 
nanoscale spatial resolution in materials characterization is either required or advantageous 
(Fig. 2).  
 
FIG. 2. Applications of time-domain Brillouin scattering for imaging. 
 
Below we review some research results constituting the background for the progress achieved 
in TDBS imaging and the results of several imaging experiments. We also discuss the 
applications of the TDBS for monitoring of nonlinear acoustic processes
61,62
 and hypersound 
nanofocusing
63
 as well as perspectives and the challenges for the future. 
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II. THEORETICAL BACKGROUNDS FOR IMAGING VIA TIME-DOMAIN BRILLOUIN 
SCATTERING  
In time-domain Brillouin scattering (TDBS) probe laser pulses are scattered by laser-
generated picosecond coherent acoustic pulses (CAPs) due to the acousto-optic effect
22,39,40
. 
By monitoring the reflected light, information on the time development of the CAPs is 
obtained as they travel through the experimental sample
22
.
 
In the most of the experiments the 
transient relative changes RtdR /)(  in the intensity of the reflected probe light are detected. 
The reflectivity R, and electromagnetic field reflectivity are related by 
]/)(Re[2/)( rtdrRtdR  . Among possible contributions to this signal there is one generated 
by the acousto-optic interaction, which is proportional to the photo-elastic (acousto-optic) 
coefficient and the overlap integral of the acoustic strain field with the optical field sensitivity 
function
22
. The integral is over the complete volume probed by the light, while the sensitivity 
function depends on the specific geometry of the light distribution in the sample in the 
absence of the CAPs
22,64,65
. The integral gives the solution for electromagnetic wave 
propagation equation in an optically inhomogeneous medium under the single-scattering 
approximation
66-68
, which is valid because the perturbation of optical properties by the CAP is 
weak. In particular, when light is normally incident on the sample surface probes the 
propagation of the acoustic pulse in an optically homogeneous half space (Fig. 3), the photo-
elastic contribution is given by 
dzeztiC
r
dr kzi
zz
2
0
),(

  ,        (1)       
where C is the known complex constant proportional to the acousto-optic interaction 
22,64,65 
, 
),( ztzz  is the strain field of the longitudinal CAPs propagating along the z axis, and k is the 
complex wave number of the probe light in the medium. Thus, rtdr /)(  provides information 
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on the evolution in time of the Laplace component of the acoustic field with the complex-
valued Laplace parameter kip 2 64.  
 
 
FIG. 3. Time-domain Brillouin scattering in a half space. The laser beams are shown at an angle for clarity. Reproduced 
from J. Appl. Phys. 110, 124908 (2011), with the permission of AIP Publishing. 
 
Other interpretations of Eq. (1) can be given, which could more insightful for the physical 
interpretation of specific experimental realizations. For the TDBS imaging it is essential that 
the strain field ),( ztzz  in Eq. (1) at each time instant is strongly localized in space in form of 
a nanoscale CAP. For example, for a CAP propagating in the positive z direction starting at 
t=0 from z=0 (Fig. 3), slow evolution of its strain field in a medium with inhomogeneity of 
the acoustic parameters only can be written in the form  
)2/(),(~))(,(),(  dqeqttzztzt iqzzazzzz


 .     (2) 
Here tdttz
t
sa
 0 )()(   describes the variation of the CAP position in space, s  is the velocity 
of the CAP, which depends on the co-ordinate and, thus, is different in the different time 
instants of CAP propagation, while the first argument of the strain function describes possible 
slow evolution of the CAP’s amplitude and profile in the time domain or of the components 
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of the CAP spectrum ),(~ qtzz  in the reciprocal q space. Slow evolution of the CAP takes 
place if the width/length of the CAP spatial localization region, )(tla , is significantly shorter 
than a characteristic spatial scale for the variation of the acoustical parameters of the medium 
and the characteristic lengths of dispersion, diffraction and nonlinearity
36,37,67-69
. However, 
here for the simplicity we completely neglect possible transformation of the CAP, which 
could be caused by dispersion, diffraction and nonlinear phenomena, in order to highlight the 
manifestations of the medium inhomogeneity. A detailed derivation of the solution for rdr /  
when the medium is also optically inhomogeneous and the propagation of probe laser 
radiation and a coherent acoustic pulse are treated within the framework of geometrical optics 
and geometrical acoustics
67,68
, respectively, can be found in Ref. 65. Substitution of the strain 
field (2) into Eq. (1) leads, after the change of the integration variable, to     
  detiCedetiCe
r
dr kitl
tl
zz
tkziki
tz
zz
tkzi a
a
a
a
a 2
2/)(
2/)(
)(22
)(
)(2
),(),(  


 .   (3) 
The final form of the right-hand-side in Eq. (3) is derived under the assumption that the 
propagation distance of the CAP exceeds its spatial length, 2/)()( tltz aa  . The solution in Eq. 
(3) is very instructive. First, it demonstrates that quasi-periodic oscillations of rdr /  in time 
domain are caused by the time-dependent phase shift, tdtktkz
t
saD
 0 )(2)(2  , of the 
probe light scattered by the CAP. This is just a classic Doppler phase shift of the probe light 
pulses when the ultrafast laser is operating as radar to monitor the motion of the acoustically-
induced weakly reflecting mirror. The derivative of this phase shift over time provides the 
Doppler frequency shift of the probe light, )(2/ tkt sDD   . It is worth noting that 
neither D  nor D  depend on the acoustic pulse profile (spatial spectrum). Under the 
assumed conditions all the points of the CAP strain profile are propagating with the same 
local velocity, corresponding to the current spatial position of the CAP, while D  and D  
themselves do not contain any indication on the preferential scattering of the probe light by a 
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particular spectral component of the CAP. These theoretical predictions are independent of 
the )(tla  magnitude relative to the characteristic scale 2//  k  of the variations of the 
sensitivity function, )2exp()( kxixf  , in Eq. (1). However, in the TDBS imaging 
experiments the CAPs are dedicatedly generated of the nanoscale length )(tla  significantly 
shorter than the wavelength of the probe optical light in order to achieve imaging with sub-
optical wavelength resolution. In this case, assuming 2/)( tla , Eq. (3) can be 
approximated by 
 diktiCe
r
dr tl
tl
zz
tkzi a
a
a ...)21(),(
2/)(
2/)(
)(2         (4) 
The solution in Eq. (4) demonstrates that in leading order the signal is proportional to the 
strain integrated over the localization region of the acoustic pulse (total “area” S(t) of the 
strain pulse), i.e., to the displacement of the medium retained in it after the CAP propagation. 
Second term in Eq. (4) should be taken into account in the case of the symmetric bipolar 
CAPs of zero surface area, which could be generated by the pump laser pulses near the 
mechanically free surface of the medium
22,36,37
. Equation (4) demonstrates that in 
homogeneous medium ( ))(,)( 0 constStSttz sa   the TDBS signal, 
)()2exp(/ 0 txftkiiCSrdr ss   , can be interpreted as an imaging of the spatial 
sensitivity function, while weak inhomogeneities of the medium could be revealed because 
they are causing deviations from this “background” image.  
The fact that the probe light exhibits maximum scattering efficiency by the acoustic phonons 
with the wavenumber pkkq 22   is evidenced, when the spectral presentation of the CAP 
from Eq. (2) is substituted in Eq. (3) and the integration over the spatial coordinate is done: 
 


 

 dq
kq
tlkq
qtiCe
r
dr a
zz
tkzi a
)2(
2/)()2(sin
),(~
1)(2 

.     (5) 
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For the qualitative interpretation of Eq. (5) a precise definition of the characteristic dimension 
)(tla  of the CAP localization is not necessary. The earlier assumed inequality, 
ktla /2/)(   , is sufficient to estimate that a broad spectrum of the acoustic 
wavenumbers contributes to scattering of the probe light in Eq. (5). The characteristic width 
of this spectrum, defined by ktlkq a 2)(/22   , significantly exceeds k2 . Thus, 
although the TDBS scattering exhibits the maximum sensitivity to the spectral component 
)2,(~ ktzz  it is not a narrow band process and most of the CAP spectral components are 
efficient in light scattering to some extent. This broadening of the spectrum of coherent 
phonons that could contribute to light scattering with comparable efficiency is due to the 
smallness of interaction length of probe light with the coherent phonons that are carried by a 
nanoscale CAP. The relation kq 2  is a well-known result of the momentum conservation in 
back-scattering of a photon by a phonon
40,66
. However, the small interaction length does not 
provide opportunity for the synchronous interaction of probe light with the kq 2  phonons to 
“win” significantly relative to light scattering by other phonons. 
Because of the relation sq  / , where   is the cyclic frequency of the phonon, it is 
common to say that TDBS predominantly monitors the slow time dynamics of the spectral 
Fourier component of the CAP at the frequency Bsk   2 , known as the Brillouin 
frequency (BF) or the BF shift of a photon back-scattered by a phonon. The BF shift coincides 
with the Doppler frequency shift discussed earlier. Because of this, the oscillating TDBS 
signals, due to the time-dependent phase shift of the scattered light, are commonly called the 
Brillouin oscillations (BO). The wave number pkkq 22   and the wavelength q/2   
are known as the Brillouin wave number, Bq , and the Brillouin wavelength, B , respectively.  
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In Ref. 69 it is demonstrated that the dominant contribution to the TDBS signal comes from 
the sharp fronts in the strain profile of the CAPs, as it is symbolically depictured in Fig. 3. 
This result is just a different formulation of the fact that light is not scattered inside a 
homogeneously strained medium. Thus, the spatial resolution of TDBS imaging can be better 
than the total spatial length of a CAP. 
The separation in Eq. (2) of the amplitudes and the phases of C and ),(~  tzz , i.e., 
)exp( CC iAC  ,  )(exp)(),(~ titAt Bzz    , leads to69 
)sin(2/)( CBC tAARtdR    . Thus the RtdR /)(  signal oscillates at a frequency 
given by 
ttt BCBRdR  //)(/   ,       (3) 
which, in general, differs from the BF defined above, i.e., BRdR  / . For example, when 
TDBS is applied for the monitoring of the nonlinear CAP propagation, BRdR  /  provides 
information on the velocity of the weak shock front in the profile of the CAP
61,69
.  
In conclusion of this theoretical Section we would like to attract attention of the readers to the 
fact that the TDBS imaging is neither optical nor acoustical imaging, but is acousto-optical 
imaging in a sense, that the signal is due to the existence of an overlap region of the optical 
probe and acoustical fields, Eq. (1), and TDBS imaging is an imaging of their interaction. 
This provides an explanation for why the TDBS imaging can achieve the spatial resolution 
much higher than that limited by the wavelength of the optical probe light or by the 
wavelength, BsB  /2 , of the acoustic spectral component at Brillouin frequency, B . 
The above presented theoretical formulas indicate, that, although the probe light is interacting 
the most efficiently with a particular component of the CAP spectrum, with the wavelength 
equal to B , this interaction takes place in the limited volume, which in optically transparent 
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media is limited by the length of the CAP, al , and can be localized even in narrower region(s) 
corresponding to the sharp front(s) of the CAP. We denote here the length of the CAP front 
by fl . Even al , not speaking on fl , can be much narrower than B . Two regions in the 
medium separated by a distance l , which is larger than al  but much shorter than B , can be 
theoretically resolved by the TDBS imaging because they are probed not simultaneously, but 
separately, i.e., one by one, when the CAP is traversing the medium. This ability of the TDBS 
imaging is due to the application of ultra-short laser pulses. The ultra-short pump laser pulses 
provide opportunity to generate the CAPs on length scales of nanometers, while the time-
delayed ultra-short probe laser pulses interact with the propagating CAPs quasi-
instantaneously inside the volume currently occupied by the CAP. As a consequence, there is 
no interference in the TDBS imaging signal of the contributions coming from the regions 
separated by all  . The time-dependent frequency of the Brillouin oscillation in continuously 
inhomogeneous medium, )()( tt DB   , although it contributes to the argument of the 
oscillating function in Eqs. (2) and (3), is a local parameter of the material at the scale of al  or 
shorter scale of fl , as far as )(tl Ba  . As demonstrated by Eqs. (3) and (4) this parameter is 
determined independently of the spectrum of the acoustic pulse and is, thus, independent of 
the scale imposed by B . The acoustic pulse of any profile will cause the same )()( tt DB    
when all the points of the profile are propagating at the same velocity. The complementary 
theoretical argument in favour of the TDBS spatial resolution superior to one limited by B  is 
the sensitivity of the TDBS to a large spectrum of the acoustic waves, including those at 
frequencies much higher than )()( tt DB   , as it is demonstrated by Eq. (5). As a 
consequence, the interpretation of TDBS as the scattering by the localized at the nanoscale 
moving strain gradients is closer to the physical reality than the interpretations based on the 
 
 
16 
 
dominant or even predominant role of the BF phonons. Equation (5) explicitly describes a 
trade-off between the spatial and wave number resolution in TDBS. 
The ultimate/highest spatial resolution in determining the parameter )(tB  is theoretically 
limited by al  or fl  and theoretically does not require even a registration of at least a single 
period or a half of the period of the Brillouin oscillation. How to achieve this highest spatial 
resolution, if it is required in the experiments, by an appropriate processing of the TDBS 
signals is another question. Qualitatively speaking, as the evaluation/fitting of the signal is 
commonly achieved in some moving time window of the duration w , then the spatial 
resolution in the imaging of the BF parameter, )(tB , could be limited by the length ws  
when aws l  or fwsa ll   . Some restrictions on the choice of the shortest w  and some 
other limitations of the TDBS imaging technique will be discussed later in Section V. 
 
III. APPLICATIONS OF TIME-DOMAIN BRILLOUIN SCATTERING FOR NANOSCALE 
IMAGING OF INHOMOGENEOUS MEDIA  
 
A. Monitoring the transmission of coherent nano-acoustic pulses across spatially 
localized inhomogeneity 
The first experiments indicating potential of the TDBS for depth profiling of continuously 
spatially inhomogeneous materials were those where the transmission of acoustic pulses 
through the interface between two different optically transparent homogeneous media was 
monitored
29-31,70-73
. Insightful experiments were performed with SiO2 films deposited on Si 
substrates
29-31,70,74-77
 as presented in the schematic given in Fig. 4.  
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The experiments
30
 demonstrated remarkably large sensitivity of the transient optical 
reflectivity signals to the optical wavelength of femtosecond laser pulses applied to probe the 
CAPs in the samples. Figure 4 shows that, depending on the probe wavelength, transient 
reflectivity signals RtdR /)(  can reveal either only the return of the weak acoustic pulse 
reflected at the SiO2/Si interface to the front surface of the sample 
 
FIG. 4. The detection of a spatially localized inhomogeneity. (a) A metallic, semi-transparent transducer was used to 
generate the coherent acoustic pulses (adapted from Ref. 30). (b) Reflectivity measurement on an Al/SiO2/Si sample 
with pump and probe both centered at 804 nm. (c) Reflectivity measurement when the probe is changed for 402 nm and 
numerical results which well reproduce all the observed oscillations. The Brillouin oscillation amplitude abruptly 
increases starting near 75 ps when the coherent acoustic pulse reaches the SiO2 /Si interface. Reproduced from J. Appl. 
Phys. 104, 123509 (2008), with the permission of AIP Publishing. 
 
(red probe detection of acoustic echo indicated by an arrow in the middle part of Fig. 4), or a 
much higher in amplitude BO signal corresponding to monitoring of the CAP first in the SiO2 
and then later in the Si (the case of blue probe in the lower part of Fig. 4). It was revealed in 
Ref. 31 that TDBS signals strongly depend on the probe optical wavelength near the critical 
points of the silicon energy band structure where there are important variations in the optical 
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parameters of this material but also, and most importantly, in the magnitude of photo-elastic 
constant. Later the TDBS experiments were realized with other combinations of transparent 
materials such as various transparent layers deposited on silicon
31,70,74,78
, GaSb-GaAs 
heterostructures
72
, ZnO and SiO2 deposited on GaAs,
35
 the vacuole of a cell deposited on a 
thin polyethyleneimine film
79 
and even microcapsules composed of polymer shell 
encapsulating a liquid core
80,81
. The TDBS with a variable probe wavelength were conducted 
in GaAs
72,73
. In Ref. 82 the TDBS was applied to follow CAP propagation across a grain 
boundary. One of the most insightful reports
73
 indicating the possibilities of TDBS for depth 
profiling showed how the doping profile in different n-doped GaAs homoepitaxial layered 
structures (see upper part of Fig. 5) could be measured. The authors used an optical pump-
probe technique called asynchronous optical sampling (ASOPS) introduced earlier by them in 
picosecond acoustic studies
83,84
. This technique permitted detection of changes in optical 
reflectivity over a 1 ns time delay with a signal-to-noise ratio of 10
-7
 and 100 fs time 
resolution in approximately 1 min of acquisition time. It was shown that the doping profile 
with doping densities of the order of 10
18
 cm
−3 
can be detected due to differences in the 
optical and acousto-optical parameters of the doped and non-doped regions. The 
experimentally recorded BO for the samples with the doped GaAs film on top of the substrate 
(Fig. 5) clearly show a behavior substantially different from those as shown in Fig. 4. This 
difference comes from the fact  
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FIG. 5. The detection of a spatially localized inhomogeneity. (a) The sample consists of n-doped GaAs films on non-
doped GaAs substrates (adapted from Ref.73). dR/R results were obtained at 10 K (b) and 300 K (c). The measurements 
were performed with a pump wavelength of 800 nm and probe wavelengths of 795 and 820 nm. R(t) transients exhibit a 
distinct phase shift and with most of them showing an amplitude change at 254 ps, the time a coherent acoustic pulse 
needs to travel once through the film. Reproduced from Appl. Phys. Lett. 94, 111910 (2009), with the permission of AIP 
Publishing. 
 
that for the two experiments the coherent acoustic fields generated by the pump laser pulses 
differ and have dissimilar spatio-temporal patterns. The shortest acoustic transients are 
generated in the regions of largest gradients of the photo-induced stresses
36,37
, which are 
localized near the mechanically free surface of the sample and at the interface between the 
layer and substrate
73,85
. Thus, the CAPs containing BFs are launched at the surface in the 
direction of the interface and at the interface in two opposite directions. The BO in the middle 
and lower parts of Fig. 5. corresponds to simultaneous monitoring by the TDBS of three 
CAPs. However the BO monitoring still performs adequately for determination of interface 
localization and for comparing the parameters of interfacing materials. Of parenthetic note is 
that the research papers cited in this Section point out the importance of optical probe color 
choice in the TDBS depth-profiling experiments. 
Si:GaAs		 GaAs	
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B. Depth-profiling of ion-implanted semiconductors and dielectrics 
The first application of TDBS for depth-profiling of the samples with continuously distributed 
in space inhomogeneity of acousto-optic parameter was reported in Ref. 42. The experiments 
were carried out using GaSb/GaAs heterostructures (insert in Fig. 6). Defect concentrations in 
GaAs specimens were created through He
+
 ion implantation over a wide range of doses, 
reliably creating damage profiles, which can be simulated using the transport of ions in matter 
(TRIM) code
86
.  
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FIG. 6. First experiments on depth-profiling by time-domain Brillouin scattering of a continuously distributed in space 
acousto-optical inhomogeneity of material. (a) Time-resolved pump-probe optical response of ion-implanted GaAs for 
undamaged and damaged samples42. The coherent acoustic pulses were generated following the interband absorption of 
pump laser pulses in GaSb layer. The minimum point in space in the amplitude of the Brillouin oscillation in the 
damaged sample corresponds quantitatively to the position maximum of the defect concentration evaluated by the TRIM 
numerical code. (b) Difference in oscillatory amplitudes between irradiated sample and undamaged samples, with 
comparison to the simulated peak defect concentration (solid black curve). Insert: Experimental dependence of peak 
amplitude modulation as predicted from TRIM calculations which can be used to transform the raw data in (a) into 
absolute defect concentration profiles. (c) Experimental defect concentration profile for a sample irradiated at 325 keV 
at a dosage of 7x1013 ions/cm2. Observed peak defect concentration agrees well with simulated profiles for total damage 
(black) and helium ion distribution (red, enhanced 25x) from the TRIM code. Insert: Experimentally measured defect 
profiles before (blue) and after (red) 2 h of thermal annealing at 300 °C. Reproduced from Appl. Phys. Lett. 94, 111910 
(2009), with the permission of AIP Publishing. (d) BO in the ion-implanted diamond specimens at multiple fluences 
(dark lines)44. The dotted line behind each curve is the corresponding response for an unimplanted specimen. Above the 
oscillating responses are the TEM cross-sections for the specimen dosed at 3  1016 cm-2 (bright field, two-beam 
diffraction, g¼(220)) and the damage-induced vacancy distribution as calculated by the TRIM code. The vertical bar 
indicates the full width at half maximum of the TRIM vacancy profile. The spatial extent of the implantation effects in 
the diamond specimens on the BO is much broader than seen in the visible structural changes to the lattice shown by 
TEM. The existence of the node in the amplitude of the BO around which the phase of the oscillations changes by 180 
degrees indicates that for threshold values of vacancy concentration the photo-elastic constant of the sample changes its 
sign passing through its zero value. Reproduced from Appl. Phys. Lett. 94, 111910 (2009), with the permission of AIP 
Publishing. 
 
The experimental results illustrated in Figs. 1 (d) and 6 (a) demonstrate that the BO in both 
the undamaged and damaged samples exhibit amplitude attenuation as a result of natural 
attenuation of the probe light in bulk GaAs, the period and phase remaining identical for both 
samples, with a distinct difference seen only in the BO amplitudes, which were found to be as 
much as 35%. The amplitude modulation in the damaged region can be wholly attributed to 
changes in the photo-elastic constants of GaAs
42
. In order to develop a tool for quantitative 
characterization of the defect spatial profiles, the authors calibrated the TDBS measurements. 
It was shown that the raw data, such as those in Fig. 6 (b), can be transformed into 
quantitative, depth-dependent defect concentration profiles (Fig. 6 (c)). It was also 
demonstrated that the TDBS may be used to monitor the decrease in defect concentration in 
the annealing process (Fig. 6 (c)). Note, that the time delay of the pump/probe reflectivity 
signal can be correlated with crystal depth by simple multiplication of the delay time by the 
longitudinal speed of sound. This simple procedure enables the features in the reflectivity 
signal to be mapped directly against the damage-induced vacancy concentration profile as 
calculated by TRIM (see Fig. 6 (b,c)). As predicted by simulation and verified by ion 
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channeling analysis,
43
 the reduction of the TDBS signal amplitude was directly related to the 
structural damage density. 
TDBS with an optical probe frequency near the band-edge is also very sensitive to damage-
induced modification of the optical properties of diamond crystals
44
. The bottom four panels 
of Fig. 6 (d), adapted from Ref. 44, show TDBS signals for diamond specimens irradiated 
with ion fluencies ranging from 3 1015 to 3 1016 cm-2. The regions of strongest ion-induced 
damage manifest themselves by the BO that are opposite in phase relative to those in the 
undamaged regions. The front boundary of the zone where the damage is easily 
distinguishable, close to the node in the amplitude of the BO in Fig. 6 (d), approaches the 
sample surface with increasing implantation dose. Recently
 
TDBS has been applied for the 
determination of ion-implantation densities in SrTiO3
45
 and 4H-SiC
46
.  
The totality of experimental results and theoretical interpretations
42-46
 convincingly 
demonstrate that TDBS is a sensitive, noninvasive, and nondestructive tool for studying the 
depth-dependence of optical properties induced by doping, ion-implantation, or radiation-
induced damage. TDBS provides insight into the influence of defects on optical properties 
and into the specific relationships between the structural modifications of the crystal lattice 
and the resulting modulation of local optical properties of relevance to the fabrication of 
various photonic and optoelectronic devices. As reported in Refs. 42-44, the technique “spans 
at least four orders of magnitude in defect concentration, and has a depth range of the order of 
tens of micrometers and  10-30 nm depth resolution throughout the probed range”. The 
sensitivity of TDBS makes it a robust defect detection technique with the demonstrated depth 
limits surpassing those achieved using conventional medium energy ion scattering (MEIS) 
and ion channeling measurements, which, notably, create damage as a result of analysis. 
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C. Depth-profiling of nanoporous thin films 
The first application of TDBS for the depth-profiling of a continuously distributed elastic 
inhomogeneity of a sample was reported in Ref. 41. The samples were low dielectric constant, 
nanoporous organosilicate (SiCOH) thin films (Fig. 7 (a)). Because of their porosity, such 
materials are mechanically weak. Significant efforts are therefore being directed to improving 
their mechanical properties by post-deposition treatments. Ultraviolet (UV) radiation-assisted 
thermal curing, which combines photochemical processing with thermal activation, is perhaps 
the most promising treatment because it permits efficient removal of porogen, significantly 
improving mechanical properties with minimum damage to the low-k matrix. However, the 
intensity distribution of UV light exhibits a gradient inside  
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FIG. 7. First experiments on depth-profiling by TDBS of a continuously distributed in space elastic inhomogeneity of 
material. (a) Representation of the sub-micron inhomogeneities that exist within nanoporous transparent films. The 
white disks are nanopores. Their dimensions vary from the free surface toward the TaN - low-k interface. The blue 
matrix is an organo-siloxane matrix. The color gradient indicates that the deeper (lighter) blue is the region of higher 
(smaller) elastic modulus. Some nanopores still contain polymeric porogen (orange edges of the pores) that was not 
completely removed during nanomanufacturing. For optical generation of the CAPs, a TaN layer of 30 nm thickness 
was deposited on a Si substrate before deposition of the low-k material (Fig. 1a). (b) Time-dependent BF of the transient 
reflectivity signal obtained at different probe beam incidence angles θ 28. (c) Depth profiles of the refractive index, n(z), 
the sound velocity )(zs ) and the normalized photoelastic coefficient, P(z)/P(0) ≈ U(z)/U(0), obtained by the PAI
 28. 
Reproduced with permission from ACS Nano 6, 1410 (2012). Copyright 2012 American Chemical Society. 
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the low-k film and may create a gradient in its mechanical properties. The first experiment
41
 
using TDBS for probing a continuously distributed elastic inhomogeneity was conducted 
using a single-wavelength ( 800 nm) and an optical configuration with a single incident 
probe angle. The elastic inhomogeneity was extracted from the analysis of the variations in 
the BF by neglecting the inhomogeneity of the optical reflective index. A subwavelength 
spatial resolution of 40 nm was achieved by direct fitting the BO in the time domain, thus 
avoiding a windowed Fourier transform of the signal.   
Experiments reported later
8
 on the same samples were conducted in the so-called “red pump – 
blue probe” (880 nm –  440 nm) configuration as presented in Fig. 1 (a). It was 
demonstrated
28
 that by performing picosecond ultrasonic interferometry at a few angles θ of 
probe light incidence
87,88
 it is straightforward to determine from the BF temporal variations, 
)(2)( tt BB   , both the profile of the refractive index )(zn  and the profile of the sound 
velocity )(zs  simultaneously. This opportunity is based in its essence on the dependence of 
the BF in non-collinear interactions of probe photons with the CAP in the backward BS 
configuration on the angle between the directions of the propagation of the coherent acoustic 
waves and the probe laser light,   2/122 )(sin)()()/1()(   aasB znkzt . Note, that this 
theoretical formula, implemented in Ref. 28 for depth-profiling, is also the basis for the 
interpretation of several other TDBS experiments conducted in the homogeneous materials
87-
91
. In the inhomogeneous medium it is valid within the framework of geometrical optics
67,68
, 
while )(tzz aa   is the current position of the CAP. As the CAP with initial magnitude )0(
and duration   propagates along the z-axis from the transducer at z = 0 (Fig. 1 (a)) its strain 
magnitude and spatial scale vary (within the framework of the geometrical acoustic 
approximation
67,68
) as     2/12/3 )0(/)()0)((/)()0()(   asas zzzt  and  )( as z , 
respectively, where )(z  is the distribution of density. Moreover, because of the variations of 
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the CAP amplitude, of its spatial extension, and of the photo-elastic constant )( azP  in depth, 
the BO amplitude is time-dependent:     2/12/122 )()()(sin)()()(  aasaaB zzznzPtA  . 
Figure 7 (b) gives ),( tB   evaluated
28
 at three different angles (θ = 0°, 45° and 60°). The 
dependencies )(ts  and )(tn  extracted from ),( tB   were transformed using the space-time 
correspondence,  
t
sa tdttzz
0
)()(  , into depth distributions of )(zs  and )(zn  (Fig. 7 (c)) 
and also were used together with the time-dependent amplitudes )(tAB  to examine variations 
in space of the parameter 
2/1)()()(  zzPzU  . Experimentally determined, non-monotonic 
variations of the optical density n along the depth coordinate z of the nanoporous low-k film 
was correlated
28
 with its non-monotonic dependence on the UV radiation dose. The 
photoelastic coefficient P(z) was estimated to be the dominant contributor to the variations in 
U(z). Overall, the experimental results presented in Fig. 7.(c) reveal a wealth of nanoscale 
subsurface information. An improved understanding of the depth-dependent UV curing effect 
is a key factor for successful integration of ultra-low-k layers in advanced microelectronic 
technology, while nondestructive depth-profiling of the mechanical, optical, and acousto-
optical properties is essential for achieving this purpose. 
 
D. Imaging of inhomogeneity and texture of polycrystalline materials at high pressures 
TDBS was introduced for the first time in high pressure research in 2008
92,93
. However, its 
applications to depth-profiling and two-dimensional imaging of a polycrystalline aggregate of 
ice compressed in a diamond anvil cell to megabar pressures were reported only quite 
recently
47
 (Fig. 8 (a)).  
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FIG. 8. Application of time-domain Brillouin scattering in high pressure research. (a) Transparent, spatially 
inhomogeneous medium (polycrystalline H2O ice
47 compressed in a diamond anvil cell. A picosecond pulse from the 
pump laser (violet) hits the absorbing transducer launching a coherent acoustic pulse (green) in the sample volume. 
Propagation of the pulse is monitored by a delayed probe laser pulse (red) reflected from stationary (transducer) and 
moving (acoustic pulse) interfaces. (b)-(c): Demonstration of the capability of TDBS for revealing spatial 
inhomogeneities in H2O ice X at megabar pressures. (b): Typical time-resolved reflectivity signal in ice compressed in a 
DAC to 84 GPa. The vertical arrow marks the time of transmission of the laser-generated coherent acoustic pulse across 
the interface of ice with diamond. Insert: Zoom of the signal in the vicinity of the ice/diamond interface. (c) TDBS 
signal obtained by subtracting from the signal in (b) the time-varying thermo-reflectance contribution caused by 
transient heating of the sample. Insert: Fourier spectra of the signal inside two temporal windows, marked by rectangles 
showing the shift of the Brillouin frequency from 60 GHz to approximately 73 GHz, indicating spatial inhomogeneity in 
the ice sample. (d): Spatial variation of the longitudinal sound velocity obtained from the temporal dependence of the 
BF, as revealed by a Fourier transform performed in a rectangular moving temporal window of 100 ps duration, using 
extrapolated refractive index values of ice96. (e) – (f): Demonstration of m-scale texture in H2O ice aggregate at 
megabar pressures. (e): Intensity versus time delay signals in H2O ice at 84 GPa, obtained by displacing the sample 
relative to the co-focused pump and probe laser beams in the lateral direction, i.e., parallel to the ice/diamond interface 
in 1 m steps. (f): Two-dimensional images of the Brillouin frequency magnitude obtained by processing the signals in 
(e). Isometric representation of the TDBS signals and of the temporal dependence of the Brillouin frequency of ice X. In 
(f) the signal amplitude is correlated with the symbol color: the darker the symbol, the higher the maximum amplitude of 
the BO, and vice versa. Image (f) reveals a clear, large-scale, 3–5m, layering of the ice aggregate at 84 GPa in the 
direction normal to the diamond anvil culets. Reproduced with permission from Sci. Rep. 5, 9352 (2015). Copyright 
2015 Nature Publishing Group. (g) – (l): 2D-images of Brillouin frequency inhomogeneities in water ice compressed in 
a DAC to 57 GPa [(g) and (h)] and 84 GPa [(i) and (j)]. Absolute values of the frequencies can be derived from the color 
bars on the right hand side of each plot. The in-depth spatial resolution is about 1.05 m in (g) and (i), and 0.26 m in 
(h) and (j). (k) – (l): 2D-images of Brillouin frequency (k) and of the Brillouin oscillation amplitude (l) of solid argon 
compressed in a DAC to 15.4 GPa48. The in-depth spatial resolution is about 0.36 m. In (k) the black line stands for 
delimiting the depth after which the influence of the second acoustic pulse on the images could be important. 
Reproduced with permission from Ultrasonics, 69, 201 (2016). Copyright 2016 Elsevier. 
signal of thetime-varyingthermo-reflectancecontributioncausedby
sampleheating32,33. Thissignal processingleadsto theTDBSsignal,
which isdueto the interaction of theprobe light with thephoto-
generated acoustic pulseonly (Fig. 2(b)). Theplots in theinsert of
Fig. 2(b), aswell asall other FFTplotscalculated in thiswork,were
clearly dominated by a single strong peak related to theBrillouin
frequency of thelongitudinal soundwave. The610%deviationsof
theBrillouin frequenciesfromtheir average, revealedhere(insert in
Fig.2(b)),clearly indicatethepresenceof spatial elasticinhomogene-
itiesin theicesampleduetopolycrystallinity/texturing.
Performing a Fourier transform in a continuously moving
smoothedtimewindowofappropriatelychosendurationandtaking
thefrequency of themaximum in thespectramakesit possibleto
extract the temporal-profile of the dominant Brillouin frequency
alongtheparticular pathof thecoherent acousticpulsepropagation.
Changingthetime-windowsizeallowsdifferent degreesofaveraging
along thesound propagation direction. Theresolution of such in-
depthprofilingof thespatially inhomogeneousmediausingTDBSis
known to be limited either by the spatial length of the coherent
acousticpulseor byrestrictionsintroducedbyspecificsignal proces-
singtechniques32,33. Inour experiments, theduration of theemitted
longitudinal acousticpulseiscontrolledbyapumplaser pulsedura-
tionof 1.9ps,anditswidthinicenear theopto-acousticgenerator is
approximately 30nmat 84GPa(seeSupplementary Note1). The
observed abrupt changes in the amplitude and frequency of the
Brillouin oscillations upon thearrival of theacoustic pulseat the
ice/diamond interface(Fig. 2(a)) indicatethat, although thispulse
couldbebroadenedbybulkhigh-frequencyabsorption andscatter-
ing, theduratio of theacousticpulsedoesnot exceedtheBrillouin
period of approximately 15ps, corresponding to aspatial scaleof
approximately 0.23mmat 84GPa. For theFourier transforms in
thepresent study, weused thewindowswhoseFWHMexceed the
Brillouin periods. Thus,weachieveddepth-profilingwith thesame
in-depthspatial resolution(controlledbythedurationof themoving
Fourier transformwindow) throughout thewholesamplethickness
viathesimplest signal proc ssing technique. In-depth spatial reso-
lution controlled by the acoustic pulse duration, achievable by
advancedmethodsof signal processing32,33, isbeyond thescopeof
thepresent report. InFig.2(c),wepresent thetemporal profileof the
Brillouin frequencyfor theTDBSsigna showninFig.2(b) obtained
with themovingrectangular timewindowof 100ps,corresponding
toan in-depth spatial resolution of approximately 1.5mm.
In our polycrystalline icesample, thephoto-generated coherent
acousticpulse,whichisiniti lly la nchednormal toth Fe/iceinter-
faceandpropagatesparallel tothedirectionof theprobelaser beam,
couldberefractedwhencrossingsuchplaneinterfacesbetween the
grains,whicharenot parallel totheFe/iceinterface.Thus,ingeneral,
thecoherent acousticpulsepropagatesnon-collinearly totheprobe
light.Inthiscase,evaluationof themomentum-conservation triangle
composed of th wavevectors of an acoustic phonon and of the
Figure1 | Time-domainBrillouinscatteringinadiamondanvil cell.TDBSisanoptical pump-probetechniqueinwhichthepumplaser pulsegenerates
inalight-absorbingopto-acoustic transducer apicosecond acousticpulsethat propagatesthroughanoptically transparent samplecontactingthe
transducer whiletheprobelaser pulsemonitorsthepropagationof theacousticpulse((a) and(b)).Theprobelaser pulse,delayed intimerelativetothe
pumplaser pulse((a) and(b)), preferentially interactswith thosecoherent GHzphononsof theacousticpulsespectrumthat satisfy theconservationof
momentuminphoton-phonon photo-elastic interactions31,45.Weak light pulsesscatteredbytheacousticpulseinterfereat thephoto-detector with the
probelight pulsesof significantly higher amplitudereflected fromvarioussurfaces/interfacesof theset-up.Themodificationof theoptical reflectivity is
proportional, inleadingorder, totheproduct of thesetwoscattered light fields.Thus,aheterodyningof aweakfieldagainst astrongoneisachieved.The
transient reflectivity signal varieswith timebecausetherelativephaseof thelight scatteredbythepropagatingacousticpulseandreflectedbyimmobile
surfaces/interfacescontinuouslychangeswith timedueto thevariation in thespatial position of thepropagatingacousticpulse. If theacousticpulse
propagatesat aconstant velocity, theamplitudeof thesignal changesintimeinasinusoidal manner at aGHzfrequencypreciselyequal totheBrillouin
frequency. Thus,measuringtheperiod/frequencyof thistime-domainBrillouinoscillation providesinformation onthevelocityof theacousticwavein
thesample. (a): Schematicpresentation of theexperimental setup. (b): SampleinaDACwithqualitativepresentation of someof theprobeoptical
rayscontributing to theTDBSdetection. For thecharacteristic dimensionsof theicesampleandof theopto-acoustic transducer noted in (b), see
Methods. (c):Transient reflectivitysignalsdetectedintheicesamplescompressedinaDACto57and84GPaasafunctionof thedelaytimebetweenthe
probeand thepump laser pulses. Arrowsindicatethetimesfor thefirst arrival of thephoto-generated acousticpulseat theinterfaceof iceand the
diamondanvil.
www.nature.com/ scientificreports
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incident andthescatteredprobelight photonsleadstothefollowing
solution for theBrillouin frequency fB(seeRefs. 32,45):
fB%2nucosh=l 0 ð1Þ
Here, udenotes thespeed of theacoustic wavealong aparticular
directionof itspropagation inelasticallyanisotropicmedia, l 0 isthe
wavelength of theprobelight in vacuum, n istheoptical refractive
indexof themediafor theprobelight, andhistheanglebetween the
propagation directionsof theprobelight andthesound. Ingeneral,
threefactorsinequation (1), i.e.,h,nandu,couldberesponsiblefor
different valuesof theBrillouin frequencywhenthecoherent cous-
tic pulsetravelsalong itspropagation path. Weestimated theoret-
icallyandconfirmedbya ditional xperim ntsthat variationsof the
refractive index play a negligible role in comparison with those
of sound elocity (seeSection n the induced o tical anisotropy)
InSectionontheacousticrefractionanddiffraction,wedemonstrate
theoretically that variationscausedbytheacousticbeamrefractions
couldalsobeneglected in thefirst approximation. Thus, in thefol-
lowinganalysis, weassumethat theexperimentally revealed varia-
tionsint eBrillouinfrequencyareduetothevariationsof thesound
velocity only, i.e., that they aredominantly caused by thedifferent
orientationsofelasticallyanisotropiccry tallitesorgroupsofcrystal-
litesinthepolycrystallineiceaggregate.Asanexample, assumingin
equation(1) that h5 0andtakingtherefractiveindexof theicefrom
the literature39, it is a straightforward process to obtain from the
dependence in Fig. 2(c) hedependenceof theacoustic velo ity in
icefirst on timeand thenon thein-depth coordinate(Fig. 2(d)).
Theexperimentally observed spatial inhomogeneity of thepoly-
crystallineaggregatesof iceX (Fig. 2(d)) canbemoredeeply char-
acterised in two-dimensional imaging experiments, performing
such TDBSm asurements at several consecutive spatial positions
along a lateral sample coordinate. In Fig. 3, to reveal large-scale
Figure2 | Revealingin-depthspatial inhomogeneityof H2OiceXatmegabar pressures. (a):Typical time-resolved reflectivitysignal inicecompressed
inaDACto84GPa. Thevertical arrowmarksthetimeof transmission of thelaser-generated acousticpulseacrosstheinterfaceof icewithdiamond.
Insert: zoom f thesignal in thevicinity of theice/diamond interface. (b) TDBSsignal obtainedbysubtracting insignal (a) thetime-varyingthermo-
reflectancecontribution causedbytransient heatingof thesample. Insert: TheFourier spectraof thesignal insidetwotemporal windows,markedby
rectangles, demonstratetheshift of theBrillouin frequency from60GHztoapproximately73GHz, indicatingspatial inhomogeneityof theicesample.
Foreachtimewindow,theobtainedfrequencyvalueisanaverageovermultiplecrystallitesinthevolumefromwhichthesignal iscollected.Thelateral size
of theprobedvolumeisdeterminedbytheelliptical intensity correlation functionwith theaxesof 3mmand4.5mmFWHM for thepumpand
probebeams(seeMethods).Thecross-sectional areaof thetestedvolumecanbeestimatedas10mm2.Theaxial, i.e., in-depth,dimensionsof theprobed
samplevolumesaredeterminedbytheduration of thetimewindowsandexceed, in thisparticular case, 3mm. (c): Temporal profileof theBrillouin
frequencyof theTDBSsignal shown in (b). TheFourier transformwasperformed in t erectangular movingtemporal windowof 100psduration,
correspondingto thein-depthdistanceof approximately1.5mm. (d):Spatial variationof thelongitudinal soundvelocityobtained fromthetemporal
dependenceof t eBrillouinfrequ ncyshownin(c)usingtheextrapolat drefractiveindexvaluesof i 39.Thecoordin tein(d) isevaluatedbyintegrating
thesoundvelocity over acousticpropagation timeonly inapart of theexperimental window,whichdoesnot includeshort delay times(shadowed in
Fig.2),wherethedeterminationof theBrillouin frequencyisnot sufficientlyexact becauseof imperfect filteringof thethermo-reflectancecontributionat
GHzfrequencies. Thus, thedistancein (d) shouldbemeasured relativetotheice/diamond interface.
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tt r r li t tonsleadstothefollowing
ill i fr cy fB (se efs. 32, 45):
f c s l 0 ð1Þ
r , t s t s f t coustic avealong aparticular
direction of itspr p gation inelastically anisotropic edia, l 0 isthe
wavelength of theprobelight in vacuu , n istheoptical refractive
indexof themediafor theprobelight,andhistheanglebetween the
propagation directionsof theprobelight and thesound. Ingeneral,
threefactorsinequation (1), i.e., h,nandu,couldberesponsiblefor
different valuesof theBrillouin frequencywhenthecoherent acous-
tic pulsetravelsalong itspropagation path. Weestimated theoret-
icallyandconfirmedbyadditional experimentsthat variationsof the
refractive index play a negligible role in comparison with those
of sound velocity (seeSection on the induced optical anisotropy)
InSectionontheacousticrefractionanddiffraction,wedemonstrate
theoretically that variationscausedbytheacousticbeamrefractions
could alsobeneglected in thefirst ap roximation. Thus, in thefol-
lowinganalysi , weasumethat theexperimentally revealed varia-
tionsintheBrillouin frequencyareduetothevariationsof thesound
velocity only, i.e., that they aredominantly caused by thediffer nt
orientationsof elasticallyanisotropiccrystallitesor groupsof crystal-
litesin thepolycrystallineiceaggregate. Asanexample, assumingin
equation(1) that h5 0andtakingtherefractiveindexof theicefrom
the literature39, it is a straightforward process to obtain from the
dependence in Fig. 2(c) thedependenceof theacoustic velocity in
icefirst on timeand then on thein-depth coordinate(Fig. 2(d)).
Theexperimentally observed spatial inhomogeneity of thepoly-
crystallineaggregatesof iceX (Fig. 2( )) can bemoredee ly char-
acterised in two-dimensional imaging experiments, performing
such TDBSmeasurements at several consecutive spatial positions
along a lateral sample coordinate. In Fig. 3, to reveal large-scale
Figure2 | Revealingin-depthspatial inhomogeneity of H2OiceXatmegabar pressures. (a):Typical time-resolvedreflectivitysignal inicecompressed
inaDACto84GPa. Thevertical arrowmarksthetimeof transmission of thelaser-generated acousticpulseacrosstheinterfaceof icewithdiamond.
Insert: zoomof thesignal in thevicinity of theice/diamond interface. (b) TDBSsignal obtainedbysubtracting insignal (a) thetime-varyingthermo-
reflectancecontribution causedbytransient heatingof thesample. Insert: TheFourier spectraof thesignal insidetwo temporal windows, markedby
rectangles, demonstratetheshift of theBrillouin frequencyfrom60GHztoapproximately 73GHz, indicatingspatial inhomogeneityof theicesample.
Foreachtimewindo , theobtainedfrequencyvalueisanaverageovermultiplecrystallitesinthevolumefromwhichthesignal iscollected.Thelateral size
of theprobedvolumeisdeterminedbytheelliptical intensity correlation functionwith theaxesof 3mmand4.5mmFWHM for thepumpand
probebeam (seeMethods). Thecross-sectional areaof thetestedvolumecanbeestimatedas10mm2.Th axial, i.e., in-depth, dimensionsof theprobed
samplevolumesaredeterminedbytheduration of thetimewindowsandexceed, in thisparticular case, 3mm. (c): Temporal profileof theBrillouin
frequencyof theTDBSsignal show in (b). TheFourier transformwasperformed in ther ctangul r movingt mporal indowof 100 psduration,
correspondingto thein-depthdistanceof approxi ately 1.5m . (d):Spatial variation of thelongitudinal soundvelocityobtained fromthetemporal
c f th rill i fr e cys o nin(c)usingtheextrapolatedrefractiveindexvaluesof ice39.Theco rdinatein(d) isevaluatedbyintegrating
t l it r ti r pagation ti eonly inapart of theexperimental window, whichdoesnot includeshort delay times(shadowed in
i . , t t r i ti f t e rillouin frequencyisnot sufficientlyexact becauseof imperfect filteringof thethermo-reflectancecontributionat
, t i t c i (d) should be easured relativeto theice/diamond interface.
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incident andthescatteredprobelight photonsleadstothefollowing
solution for theBrillouin frequency fB(seeRefs. 32, 45):
fB%2nucosh=l 0 ð1Þ
Here, udenotes thespeed f theacoustic wa ealong aparticular
directionof itspropagation inelastically anisotropicmedia, l 0 isthe
wavelength of theprobelight in vacuum, n istheoptical refractive
indexof themediafor theprobelight,andhistheanglebetween the
propagation directionsof theprobelight and thesound. Ingeneral,
threefactorsinequation (1), i.e.,h,nandu,couldberesponsiblefor
different valuesof theBrillouin frequencywhen thecoherent acous-
ticpulsetravelsalong itspropagation path.Weestimated theoret-
icallyandconfirmedbyadditional experimentsthat variationsof the
refractive index play a negligible role in comparison with those
of sound velocity (seeSection on the induced optical anisotropy)
InSectionontheacousticrefractionanddiffraction,wedemonstrate
theoretically that variationscausedbytheacousticbeamrefractions
could alsobeneglected in thefir t approximation. Thus, in thefol-
lowinganalysis, weassumethat theexperimentally revealed varia-
tionsintheBrillouin frequencyareduetothevariationsof thesound
v locity only, i. ., hat they aredominantly caused by th different
orientationsofelasticallyanisotropiccrystallitesorgroupsof crystal-
litesin thepolycrystallineiceaggregate.Asanexample, assumingin
equation(1) that h5 0andtakingtherefractiveindexof theicefrom
the literature39, it is a straightforward process to obtain from the
dependence in Fig. 2(c) thedependenceof theacoustic velocity in
icefirst on timeand thenon thein-depth coordinate(Fig. 2(d)).
Theexperimentally observed spatial inhomogeneity of thepoly-
crystallineaggregatesof iceX (Fig. 2(d)) can bemoredeeply char-
acterised in two-dimensional imaging experiments, performing
such TDBSmeasurements at several consecutive spatial positions
along a lateral sample coordinate. In Fig. 3, to reveal large-scale
Figure2 | Revealingin-depthspatial inhomogeneityof H2OiceXat megabar pressures. (a):Typical time-resolved reflectivity signal in icecompressed
inaDACto84GPa. Thevertical arrowmarksthetimeof transmission of thelaser-generated acousticpulseacrosstheinterfaceof icewith diamond.
Insert: zoomof thesignal in thevicinity of theice/diamond interface. (b) TDBSsignal obtained bysubtracting in signal (a) thetime-varying thermo-
reflectancecontribution causedby transient heatingof thesample. Insert: TheFourier spectraof thesignal insidetwo temporal windows, marked by
rectangles, demonstratetheshift of theBrillouin frequency from60GHztoapproximately 73GHz, indicatingspatial inhomoge eity of theicesample.
Foreachtimewindow, theobtainedfrequencyvalueisanaverageovermultiplecrystallitesinthevolumefromwhichthe ignal iscoll cted.Thelat ral size
of theprobed volumeisdetermined by theelliptical intensity correlation function with theaxesof 3mmand4.5mmFWHM for thepumpand
probebeams(seeMethods).Thecross-sectional areaof thetestedvolumecanbeesti atedas10mm2.Th axial, i.e., in-depth, dim nsionsof theprobed
samplevolumesaredetermined by theduration of thetimewindowsandexceed, in thisparticular case, 3mm. (c): Temporal profileof th Brillouin
frequencyof theTDBSsignal shown in (b). TheFourier transformwasperformed in therectangula moving temporal windowof 100 psduration,
corresponding to thein-depth distanceof approximately 1.5mm. (d): Spatial vari tion f t longit dinal sou dvelocity obtained fromthetemporal
dependenceof theBrillouin frequencyshownin(c) usingtheextrapolatedrefractiveindexvaluesof ice39.Thec ordinatein(d) isev luatedbyintegrating
thesoundvelocity over acousticpropagation timeonly in apart of theexperimental window, which doesnot include hort delay time (shadowed in
Fig.2),wherethedetermination of theBrillouin frequencyisnot sufficientlyexact becauseof imperfect filtering f thether o- eflectancecontributionat
GHzfrequencies. Thus, thedistancein (d) shouldbemeasured relativeto theice/diamond interfa e.
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inhomogeneities in theiceXaggregate, weshowtheBrillouin fre-
quency distribution obtained with the in-depth spatial resolution
of approximately 1mm. The resolution is determined by a67ps
FWHMduration of theHanning temporal windowchosen for the
Fourier transform(seeMethods).Fig.3(b) and3(d) showthetime-
resolvedprofilesof theBrillouin frequency, whichwehereafter call
‘‘images’’,obtainedfor theicesampleat84GPaand57GPa,respect-
ively, by itsdisplacement inalateral direction.
TheresultspresentedinFig.3clearlydemonstratetheabilityof the
TDBStechnique to reveal texturing of transparent polycrystalline
aggregates such asour icesamplewith aspatial scalebetter than
1mm.
Thecharacteristic dimension of theindividual crystallitesin the
iceXaggregateestimated fromour XRDmeasurementsat thecon-
sideredpressuresof 57–84GPais0.45mm(seeMethods).Tocheck
thesensitivity of theTDBStechniqueto in-depth inhomogeneities
at a sub-micrometre scale, weprocessed the signals in amoving
Hanning temporal window of 17ps FWHM duration, approxi-
mately correspondingtoasingleperiodof theBrillouin oscillation
at84GPa.Theexpectedspatial resolutionofapproximately0.26mm
isstill controlledbythedurationof themovingwindow.Theresults
of theprocessingof theTDBSsignals(Fig. 3(a)) in thedelay time
interval from100psto400psarepresented inFig. 4,whichshows
strongvariationsof theBSfrequency(upto626%for themaximal-
to-minimal velocityvariation,andupto610%for adjacentmaxima
andminima) and,accordingly,of thelongitudinal soundvelocityby
movingindepth(correspondingtothedelay-timeaxis).Fromtheor-
etical calculationsfor iceX, themaximal-minimal velocityvariation
approaches,withinasinglecrystal,6 16%,thusindicatingthat iceX
shouldbestronglyanisotropic48.However, thedegreeof anisotropy
appearstobedifficult tocalculatetheoretically,andnoexperimental
information,except thepresent work, isavailable.Thecharacteristic
spatial (in-depth) scale of the BS frequency variations is 0.26–
0.6mm.Weshould bear in mind therelatively largecrosssection
of , 10mm2of theopto-acousticallytestedvolumeandthesmall size
of theicecrystallitesof , 0.45mm, implying that therecorded BS
signal (at anydelay time) isaveraged inboth lateral directionsover
approximately 50 individual crystallites. A largechange in theBS
frequencybymovingindepthtothenext layer of grains(increaseor
decreaseof thedelaytimeby20–30ps) suggestsasignificant degree
ofcrystallographicorderingineachof thelayersbutalsoasignificant
differenceintheaveragecrystallographicorientationof theadjacent
ordered layers. Thiscould beconsidered asastrong indication of
sample texturing parallel to or inclined with respect to theanvil
culets. However, wedo not recogniseany pattern by shifting our
samplein a lateral direction (Fig. 4(a) and 4(b)), even though the
step size of 1mm implies a partial overlapping of the examined
volumesof theadjacent depthprofilesof theBSfrequency.Nopat-
terncanalsoberecognisedwhen thetime-axesinFig.4(a) and(b)
are recalculated into in-depth coordinate axes. This observation
excludestheabovediscussedpossibilityof sampletexturingparallel
to thediamondanvils, at least on thescalesignificantly larger than
1mm, in thelateral directions.Theonlypossiblemodel that wecan
currentlysuggest isasamplethat consistsofor containsorientation-
ally(orelastically)homogeneousmesoscopiccrystallitegroupsinthe
form of lamellae, discs, or lenseshaving a lateral sizeof approxi-
mately1mmandathicknessof0.3–0.6mm.Formationofsuchelast-
ically homogeneous crystallite groups having only one distinct
directionappearspossiblebecauseintwocrystallographicdirections,
[110] and [111], thesound velocities in iceX arepredicted to be
similar (onlyapproximately63%different) andsignificantlyhigher
thaninthe[100] direction(6 16%).Theplasticbehaviour of iceXat
thepressuresof our experiment isalsopredicted tobeanisotropic
and dominated by only one slip system, namely, , 111. {110}48.
Finally, theparticular lens-shapedor lamellar objectsinsideapoly-
crystallinesamplecompressed inaDAChavebeen reported in the
literaturefor other solids, e.g., byBurnleyet al.49.
In thesuggestedtexturemodel, thesignal generatedinthespot of
, 10mm2stemsfromonly10–13mesoscopicgroups,whereeachof
thegroupsiselasticallyhomogeneous(at least inthedirectionof the
sound propagation), but thegroups could beoriented differently
with respect to oneanother. In another model, asmaller number
Figure3 | Revealingmm-scaletextureinapolycrystallineH2Oiceaggregateat megabar pressuresviatwo-dimensional imagingbythetime-domain
Brillouinscatteringtechniquewithanin-depthspatial resolutionof , 1mm.(a):TDBSsignalsinH2Oiceat 84GPa,obtainedbydisplacingthesample
relativetotheco-focusedpumpandprobelaser beamsinalateral direction, i.e.,parallel totheice/diamondinterface,by1mmsteps.Thespatial in-depth
distanceof 1mmcorrespondsheretoan, 66psdelaytime. (b):Two-dimensional imagesof theBrillouinfrequencymagnitudeobtainedbyprocessing
thesignalsin(a). (c) TDBSsignalsinH2Oiceat 57GPa,obtainedbydisplacingthesampleainthelateral directionby2mmsteps.Thespatial in-depth
dist nc of 1mmcorrespondsheretoan, 75psdelaytime. (d):Two-dimensional imagesof theBrillouinfrequencymagnitudeobtainedbyprocessing
thesignalsin (c). Theisometricrepresentation of theTDBSsignalsandof thetemporal dependencesallowsbetter recognition of their changeswith
po itio onthes ple. In (b) and(d), thesignal amplitudeiscorrelatedwith thesymbol colour: thedarker thesymbol is, thehigher isthemaximum
ampli udeof t Brillouinsignal,andviceversa. Image(b) revealsaclear, large-scalelayeringof theiceaggregateat 84GPainthedirectionnormal tothe
di mo anvil culets.Thethicknessof thelayersinthislarge-scaletextureisapproximately3–5mm.Theimage(d) of iceat 57GParevealstworegions
separatedlaeraly,whichexhibit amuchlesspronouncedin-depthlayeringthanat 84GPa.Visually, thelateral separation in(d) occursinthemiddleof
th lat rallysca edregion. Inaddition,smaller scaleinhomogeneities,withathicknessof approximately1mm,controlledbytheintentionallyreduced
spatial resolution, areobservedat somedepthpositionsat bothpressures.
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3.2.2. Argon compressed to 11.4GPa and 15.4GPa
For the argon sample, the in-depth dependency of theBrillouin
scillation frequency with respect to lateral positions is shown in
Fig. 4 at pressure values of 11.4GPa (a) and 15.4GPa (b). The lat-
eral distance between adjacent depth profiles is 4 l m. Here again
the frequencies are represented by colors and their values are
given in thecorresponding color bars.Thesignalsat both pressures
are treated using thepreviously described STFTprocessing, though
with a Hann window having temporal size of 60ps at FWHM
(nearly equal to the length of the longest Brillouin cycle). This
window duration corresponds to an in-depth resolution of
about 0.32 l m at 11.4GPa [Fig. 4(a)] and 0.36 l m at 15.4GPa
Fig. 3. 2D-images of sound frequency inhomogeneities in water icecompressed in aDACto 57GPa[(a) and (b)] and 84GPa[(c) and (d)]. Absolute values of the frequencies
can be derived from the color bars on the right hand side of each plot. The in-depth spatial resolution is about 1.05 l m in (a) and (c) and 0.26 l m in (b) and (d). (For
interpretation of the references to color in this figure legend, the reader is referred to theweb version of this article.)
Fig. 4. 2D-images of Brillouin frequencies of solid argon compressed in aDACto 11.4GPa (a) and 15.4GPa (b). The in-depth spatial resolution isabout 0.32 l m in (a) and
0.36 l m in (b). Absolute values of the frequencies can bederived from thecolor barson the right hand sideof each plot. The related Brillouin amplitude images, though vs.
timerather than depth, of solid argon compressed to11.4GPaand15.4GPaareshown in (c) and (d), respectively. In (a) and (b), theblack linesstand for delimiting thedepth
after w ich the influence of the second acoustic pulse on the images could be important. (For interpretation of the references to color in this figure legend, the reader is
refe red to theweb version of this article.)
264 M. Kuriakose et al./Ultrasonics 69 (2016) 259–267
3.2.2. Argon compressed to 11.4GPaand 15.4GPa
For thearg n sample, the in-depth dependency f theBrillouin
oscillation frequency with respect to lateral positions is shown in
Fig. 4 t pressure values of 11.4GPa (a) nd 15.4GPa (b). The lat-
eral distance between adjacent depth profiles is 4 l m. Here again
the frequencies are represented by colors and their values are
given in thecorrespondingcolor bars.Thesignalsat both pressures
aret eated using theprevi usly described STFTproc ssing, though
with a Hann window having temporal size of 60ps at FWHM
(nearly equal to the length of the longest Brillouin cycle). This
window duration corresponds to an in-depth resolution of
about 0.32 l m at 11.4GPa [Fig. 4(a)] and 0.36 l m at 15.4GPa
Fig. 3. 2D-imagesof sound frequency inhomogeneities in water icecompressed in aDACto57GPa [(a) and (b)] and 84GPa [(c) and (d)]. Absolutevaluesof the frequencies
can be derived fro the color bars n the right hand side of each plot. The in-depth spatial resolution is about 1.05 l m in (a) and (c) and 0.26 l m in (b) and (d). (For
interpretation of t references to color in this figure legend, th read r is referred to theweb version of this article.)
Fig. 4. 2D-images of Brillouin frequencies of solid argon compressed in aDACto 11.4GPa (a) and 15.4GPa (b). The in-depth spatial resolution isabout 0.32 l m in (a) and
0.36 l m in (b). Absolute valuesof the frequencies can b derived from thecolor barson the right hand sideof each plot. The related Brillouin amplitude images, though vs.
timerather than depth,of solid argon compressed to11.4GPaand15.4GPaareshown in (c) and (d), respectively. In (a) and (b), theblack linesstand for delimiting thedepth
after which the influence of the second acoustic pulse on the images could be important. (For interpretation of the references to color in this figure legend, the reader is
referred to theweb version of this article.)
264 M. Kuriakose et al./Ultrasonics 69 (2016) 259–267
(g)	
(i)	
(h)	
(j)	
(k)	
(l)	
 
 
28 
 
Knowledge of the pressure dependences of sound velocities and elastic moduli of liquids and 
solids at megabar pressures and the evolution of the texture of polycrystalline samples under 
compression is of extreme importance for a few branches of the natural sciences, such as 
condensed-matter physics, physics of the Earth and planetology, as well as for the monitoring 
and prediction of earthquakes and tsunamis, and for monitoring nuclear weapons tests. 
Experimental data on high-pressure materials parameters can be substantially influenced by 
spatial inhomogeneities and texture variations in polycrystalline aggregates. The aggregate 
sound velocity depends on the characteristic dimensions of individual crystallites, which are 
elastically anisotropic
94
, and even a partial alignment of the crystallites i.e., orientational 
texture, which biases the measured velocities
95
. These factors prevent precise evaluation of 
elastic moduli and require the development of experimental methods for three-dimensional 
imaging of microscopic samples in situ when compressed in a diamond anvil cell (DAC) for 
the purpose of characterizing both their morphological and orientational/directional texture.  
Figures 8 (b-d) illustrate how the inhomogeneity of H2O ice was revealed in TDBS 
experiments
47
. Figures 8 (e-j) present the images of the spatial structuring of ice. In Fig. 8 
(g,h) the two-dimensional images of ice obtained with different spatial resolution reveal 
different scales in material inhomogeneity and texturing. In Fig. 8 (k) the 2D image of Ar ice 
in DAC
48
 is presented for comparison with those of H2O ice revealing greater lateral than 
axial structuring in polycrystalline Ar. The most detailed updated information on the analysis 
of the TDBS imaging signals measured in ices
47,48,97
 can be found in Ref. [97]. The 
synchronous detection technique (SDT) was applied in the temporal window equal to one 
Brillouin oscillation. The dependence of the accuracy in frequency determination on the 
signal-to-noise ratio (SNR) and the number of signal points inside the window was described. 
Two goodness criteria were applied in the signal analysis. The first one requires that the SNR 
exceeds 10 dB and the second one that the normalized root-mean-square error (NRMSE) 
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remains below 10%. Under these criteria the frequency in the temporal window containing 
one Brillouin cycle was determined with the accuracy better than 6%. 
The TDBS method allowed examination of the characteristic dimensions of ice texturing with 
sub-micrometer spatial resolution in the direction normal to the diamond anvil surfaces and 
with micrometer spatial resolution in the lateral directions. It is worth noting here that the 
axial spatial resolution in classic BS microscopy
14
 applied to three-dimensional imaging
15
 
currently exceeds 2 micrometers. In chemically homogeneous transparent aggregates TDBS 
imaging
47,48
 provides for each crystallite (or group of crystallites) usable information on its 
orientation (if the material is elastically anisotropic) as well as the elastic modulus along the 
direction of sound propagation. From the viewpoint of quantitative measurements the TDBS 
technique is significantly superior to the classical frequency-domain BS (FDBS) technique as 
a result of its far higher spatial resolution. For example in Ref. 47 the values of the 
longitudinal sound velocity, )(zs , in H2O ice were recorded with an axial resolution of ~0.26 
m  at 82 GPa, corresponding to the length of one BO. Thus, the TDBS signal collected at 
one given lateral position from a 15 m thick sample contained up to 60 independent s  
measurements. In order to accumulate statistically reliable limits of variation of s  lateral 
scans over distances up to ~70 μm can be performed. This capability dramatically increases 
the statistical confidence levels of the recorded maximal and minimal velocities in cubic 
single crystals, 
111
s and
100
s , permitting reliable determination of pressure dependences of 
single crystal elastic moduli )(Pcij  of ice at high pressures
93
. 
 
E. Subcellular imaging inside plant and animal cells 
Owing to its demonstrated capability for determining materials properties and imaging 
spatially localized inhomogeneities in solids, TDBS was explored for probing liquids
98,99
. 
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After the first experiments in water
98
 were reported, the interest shifted towards demonstration 
of the utility and biocompatibility of the technique for probing cells
79,80,99-103
 , the goal being 
development of a tool for imaging at a subcellular scale for biology and medicine. Different 
BFs were measured separately for the vacuole and nucleus in vitro in individual onion cells
79
 
suggesting that in principle there could be sufficient acoustic contrast within the cell for 
imaging. The estimated acoustic stress generated with TDBS is much lower than the adhesion 
stress of cells to their surroundings making the technique completely non-invasive
80,102
.  
 
FIG. 9. TDBS imaging in cells in probe reflection configuration. (a): Experimental setup for cell imaging49. PBS: 
polarization beam splitter. ND filter: neutral density filter. Each (unstained) cell was covered by a single-cavity 
microscope slide filled with saline and buffer solutions for the endothelial and fat cells, respectively. Each slide is then 
placed on an x–y translation stage, allowing 2D raster scans. The probe beam is temporally scanned up to 800–1000 ps 
(after each ultrasonic pulse arrives at the Ti-solution interface) through use of a mechanical delay line. Spatial and 
temporal scanning allow 3D imaging (x, y, and t) over 40 m 40 m areas with 1 m
 
 and 1 ps resolutions. Two 
types of mammalian biological tissues—a bovine aortic endothelial cell and a mouse adipose, cell were investigated. 
Normalized wavelet transformed amplitude images AWT(x, y) at the Brillouin frequency at different times: (b) at a 
frequency of 10.3 GHz for the endothelial cell at 200, 300, and 400 ps and (c) at 9.9 GHz for the fat cell at 300, 400, and 
500 ps. The calculated average propagation distances z of the ultrasonic pulses within the cells at these times are also 
shown. Reproduced from Appl. Phys. Lett. 106, 163701 (2015), with the permission of AIP Publishing. 
 
Although the TDBS has been applied to the spatially resolved imaging of the cells only 
recently
49-51
 the method has already shown promise. In Ref. 49 TDBS allowed three-
dimensional imaging (x, y, and t) of the CAP propagation with  1 m  lateral and  150 nm 
depth resolutions in vitro animal cells (Fig. 9 (a)). The acquisition time for a single image (
30 s) is of the same order as that in super-resolution microscopy techniques such as 
photoactivated localization microscopy (PALM) and stochastic optical reconstruction 
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microscopy (STORM)
12,13
. The BOs were wavelet transformed using the Morlet mother 
wavelet. The spatial depth resolution was limited to the order of the Brillouin wavelength. 
The frequency of the oscillations was measured with the accuracy  1%. Spatially 
interpolated images of normalized wavelet transform amplitude (AWT) at three separate times 
are shown in Figs. 9 (b) for an endothelial cell and in 9 (c) for a fat cell. The spatial 
dependence of AWT(t) in Figs. 9 (b,c) shows evidence of inhomogeneity inside the cells. The 
application of PAI allowed
49
 determination of important physical parameters of cell samples 
including sound velocities, bulk moduli, and ultrasonic attenuation coefficients.  
 
 
FIG. 10. TDBS imaging in cells in probe transmission configuration. (a): Schematic of the setup for operating in the 
transmission mode using a thin-film transducer50. Two signals are detected - one from the specimen (ref + cell) and one 
from the substrate (ref + glass). The dimensions of the transducer are exaggerated and beams are shown at an angle for 
clarity. 3T3 fibroblast cells were cultured on the transducers for 24 h using standard culture conditions prior to fixation 
in paraformaldehyde (4%) in phosphate buffered saline (PBS). The fixed cells were kept in PBS during the experiment, 
allowing a gentle flow that prevented air bubble formation. (b): Optical image of a 3T3 fixed cell, and (c), its TDBS map 
obtained using the transmittance approach. The scanned area was 60 by 60 μm, and was recorded with one-micron steps. 
(d): A representative trace obtained from the cell (blue) and the medium (dashed red), revealing possible spatial 
inhomogeneities in the axial direction, which, however, were not analyzed50. The locations of these traces are indicated 
by a star and a circle, respectively. (e)-(f): TDBS scanning over living 3T3 cells. A microscope image of the cell before 
the scan is given in (e). A B-scan of the acquired cross-section with a sample time trace taken from the 21 μm position is 
given in (f). The powers for pump and probe were 0.4 and 1 mw, respectively. The cell is exposed to 0.04 and 0.3 mW 
from the pump and probe beams owing to the transducer transmittance characteristics. The morphology of the cell after 
the scan remained structurally intact. Reproduced with permission from Applied Optics 54, 8388 (2015) Copyright 2015 
Optical Society of America. 
 
The TDBS technique described in Ref. 50 used a three-layered metal-dielectric-metal film
104
 
as a transducer to launch acoustic waves into the cell (Fig. 10 (a)). The design of this 
transducer and measuring system was optimized to overcome the vulnerability of a cell to the 
 
 
32 
 
exposure of laser light and heat without sacrificing the signal-to-noise ratio. The transducer 
substrate shields the cell from the laser radiation, efficiently generates acoustic waves, 
facilitates optical detection in transmission, and aids with heat dissipation away from the cell. 
The experiment
50
 was based on a dual laser ASOPS system
83,84 
.where the sample was 
scanned by moving electromechanical stages with a minimum step motion of 100 nm. In a 
single scan, typically 15,000 averages per point were taken, which took 4 s to acquire. Figures 
10 (e-f) show two fixed 3T3 fibroblast cells and the result of a 2D scan of their BO. The 
correlation between features in the optical image (b) and the TDBS map (c) is good. It can be 
seen that the nuclei of both cells had clearly different Brillouin frequencies. This change is 
much less visible in the optical picture demonstrating the potential of acoustical contrast. Data 
acquisitions was also possible with living cultures of 3T3 cells as shown in Figs. 10 (e,f).  
The experiments
49-51
 reported to date suggest extension of TDBS techniques for high-
resolution acoustic intercellular imaging which should prove to be invaluable for investigating 
the mechanical properties of cell organelles. The application of TDBS allows determination of 
important physical parameters including sound velocities, bulk moduli, and ultrasonic 
attenuation coefficients of animal
49,100
 and vegetal
50,51,79,103
 cells. Characterization of the 
physical properties of cells is essential for understanding mitosis, apoptosis, adhesion, and 
mobility.  
 
IV. IMAGING OF NANO-ACOUSTIC WAVE TRANSFORMATION IN 
HOMOGENEOUS MEDIA 
 
A. Attenuation of coherent hypersound 
TDBS possesses a capability for following the transformation of CAPs during their 
propagation in optical transparent media as can be seen from examination of the basic formula 
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for acoustically-induced transient reflectivity variations given in Eq. (1), where spatial-
temporal distribution of the strain field enters under the integral. A well-known example of 
acoustic wave transformation is evaluation of coherent sound attenuation from the temporal 
decay of the Brillouin oscillation amplitude
23,25,92,98
. We cite here just some of the 
measurements of sound absorption in glasses
25
, solids
92
, polymers
105
, glass-forming liquids
106
, 
liquids
98,107
, and biological cells
49,79
. It is important to note that the experimental results 
presented in Ref. 80 indicated deviation in the decay of the detected BO from an exponential 
one. The deviation was increasing with increasing propagation distance of laser-generated 
CAP from the emitting opto-acoustic transducer (OAT). The authors hypothesized that the 
revealed attenuation of the BO, additional to acoustic absorption, was caused the diffraction 
of the coherent acoustic waves as it had been expected theoretically
25
. This hypothesis was 
supported by the estimates of the characteristic diffraction length of the coherent acoustic 
wave at BF and is very plausible. The additional attenuation of the TDBS signal caused by the 
diffraction of the CAP was also reported later
108
. However, no attempts to image the CAP 
diffraction process by TDBS, via quantitative fitting of the BO attenuation, have been 
undertaken.  
B. Nano-focusing of coherent hypersound 
A very recent example is the application of TDBS for monitoring of the focusing of coherent 
nanoacoustic pulses
63
. Infrared pump light pulses were used to generate CAPs at the surface 
of a sub-micron, single metal-coated silica fibre (Fig. 11 (a)). Partially transmitted probe light 
pulses allowed the CAPs to be continuously monitored revealing acoustic focusing in the time 
domain as a result of the curvature of the fibre surface. An analytical model, supported by 
three-dimensional simulations, suggested that focusing of the 44-GHz BF of the acoustic 
beam was possible down to a ~ 150-nm diameter waist (Fig. 11 (b)). The experimental results, 
Fig. 11 (c), are in good agreement with the theoretical predictions.  
 
 
34 
 
 
FIG. 11. Optical tracking of picosecond coherent phonon pulse focusing inside a sub-micron object63. (a): Experimental 
sample and setup. (b): Theoretical optical probe (blue) and acoustic-strain (red) 1/e2 beam radii as a function of 
propagation distance x (over the region from the front surface of the fibre to the back) as determined from Gaussian-
beam theory for a fibre of radius R=1150 nm. (The dashed line indicates the position of the centre of the fibre.) (c): 
Experimental results for the BO envelope as a function of the propagation distance x. Reproduced with permission from 
Light: Science & Applications 5, e16082 (2016). Copyright 2016 Nature Publishing Group. 
 
The work with fibre generated CAPs demonstrates the high lateral resolution of TDBS 
imaging possible with focused picosecond CAPs, which, otherwise, is normally limited by the 
diffraction limit of the pump optical pulses to ~ 1 μm. In particular, until now TDBS imaging 
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has not been able to overcome the optical diffraction limit for lateral resolution. As suggested 
in Ref. 63, with the use of metal-coated cylindrical or spherical sub-micron hollowed regions 
on the end of an immersed tapered fibre in a standard near-field scanning optical microscope 
geometry, TDBS could follow focused GHz acoustic phonon pulses in liquids, extending the 
resolution of 3D acoustic imaging
49-51
 of biological structures to the nanoscale. In addition to 
focusing of CAPs
63,109
 other possibilities for improving the lateral resolution of TDBS 
imaging include photo-generation of CAPs significantly narrower than the pump laser beam 
dimensions as a result of nonlinear processes in opto-acoustic transformation
110
 and 
application of near-field optical schemes
111,112
.  
 
C. Nonlinear transformation of coherent nano-acoustic pulses 
Variation of the CAP spatial-temporal distribution in homogeneous media can also be caused 
by nonlinear acoustic phenomena, which are known to lead to the formation of weak shock 
fronts in non-dispersive media
113
. Frequency mixing processes arising from the elastic 
nonlinearity of the material modify the spectrum of the CAP, its shape and length. The 
nonlinear transformation of bipolar picosecond CAPs had been first observed by classical 
frequency-domain BS
114
 through measurement of the distribution of 22 GHz coherent 
longitudinal phonons along the CAP trajectory via a step-wise increase of distance between 
the opto-acoustic transducer and a continuous probe light focusing region. The resolution in 
the propagation direction, on the order of 4μm, was determined by the waist of the focused 
probe laser. This spatial resolution is 1 – 2 orders of magnitude lower than that achievable by 
TDBS. Reference 61 describes experiments where nonlinear bipolar CAPs propagating in a 
SrTiO3 (STO) substrate were monitored by TDBS over a range of optical wavelengths from 
700 nm to 470 nm. Beats in the amplitude of the detected BO were observed at high laser 
fluences (Fig. 12 (a)).  
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FIG. 12. Nonlinear transformation of a bipolar coherent acoustic pulse as followed by time-domain Brillouin 
scattering61. (a): Relative optical reflectivity change of the sample as a function of delay time for a pump fluence of 14 
mJ/cm2 (upper panel) and 47 mJ/cm2 (lower panel). The low-frequency background was subtracted from the image by 
high pass filtering. The ordinate gives the probe pulse wavelength λ (left axis) and the wavenumber of a phonon kp 
causing Brillouin scattering (right axis). For strong excitation conditions (lower panel) a beating was observed in the 
TDBS signals. (b): (left panel) Spatial profile of the bipolar strain pulse in the STO for different propagation times in a 
frame of reference propagating with the speed of sound s  for high amplitude (blue line, 0.47% strain) and low 
amplitude (black line, 0.14% strain). (upper right panel): Measured amplitude of the Brillouin oscillation for each kp. 
The region between the vertical black lines indicates the wave vectors that can be accessed by the optical white light. 
(lower right panel) Phonon amplitude divided by the wavelength λ as a function of wave vector calculated from Fourier 
transforms of the simulated strain profile. The data show good agreement with the measurement in upper panel. 
Reproduced with permission from Phys. Rev. B 86, 144306 (2012). Copyright 2012 American Physical Society. 
 
Theory
61,69
 indicates that the minima in the BS spectrum at a certain time delay at particular 
frequencies (Fig. 12 (b) right panel) can be interpreted as mutual compensation of the probe 
light fields scattered by leading and trailing fronts of the bipolar CAP. Correspondingly, the 
observed beats (Fig. 12 (a)) are a consequence of the constructive and destructive interference 
of the probe light scattered by two acoustic fronts moving relative to each other
61,69
. 
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Monitoring of the nonlinear evolution of the unipolar CAPs by TDBS was achieved in Ref. 
62. A unipolar CAP theoretically
69,113
 transforms in the time-domain, as indicated in the upper 
insert of Fig. 13 (a), to a triangular form with a weak shock front and a trailing edge of far 
longer duration. In the frequency domain nonlinear  
 
FIG. 13. Nonlinear transformation of a unipolar coherent acoustic pulse as followed by time-domain Brillouin 
scattering62. (a): (upper panel): Normalized TDBS data recorded at 200 K in silicone oil (DC704) at two representative 
low and high pump fluences with the thermoreflectance background removed62. Inset (top): Experimental setup with the 
∼100 μm liquid squeezed between two sapphire substrates, one holding a 33 nm aluminum photoacoustic transducer 
film. A propagating nonlinear unipolar CAP is depicted as well. Inset (bottom): Diagram of the nonoscillatory signal 
component arising from thermally induced changes in reflectivity of the Al film. (lower panel) Extracted values for the 
time variation of the experimentally determined Brillouin frequency. The frequency-down chirp with increasing time at 
high fluence is caused by nonlinear acoustic propagation of a weak shock. The dashed lines show the calculated up-
chirp due to sample heating at 1.0 and 10.3 mJ/cm2 pump fluence (top and bottom lines, respectively). (b): Measured 
results of the fractional Brillouin frequency shift, (dR/R -B ) / B in DC704 for different laser pump fluences. Dashed 
lines are theoretical fits based on an analytical solution for nonlinear transformation of a triangular CAP into a weak 
shock. (c): The dependence of the nonlinear acoustic parameter of the fragile glass former DC704 at around 20 GHz at 
temperatures extending through the glass transition. Reproduced with permission from Phys. Rev. Lett. 114, 065701 
(2015). Copyright 2015 American Physical Society. 
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phenomenon of frequency-mixing leads to continuous generation and absorption of phonons 
at the BF accompanied by the phase shift. In the time-domain, continuous generation and 
absorption processes result in the BF predominantly localized at a weak shock front. 
Consequently, the velocity of weak shock front detected by TDBS matches the velocity of BF 
component
69
. Thus, the difference t /  between the cyclic frequency detected by TDBS 
RdR /  and the linear BF B  Eq. (3), is due to the additional nonlinear transport of the BF 
phonons and other high frequency phonons contributing to weak shock front. The shock 
speed, and, as a consequence RdR/  increase with CAP amplitude, which increases with laser 
fluence and diminishes with the propagation distance, as was observed experimentally in Ref. 
62 (Figs. 13 (a,b)) in accordance with theoretical expectations
69
. Non-exponential reduction of 
the frequency shift 
BRdR  /  with time shown in Fig. 13 (b) for high excitation fluences has 
also an origin in nonlinear acoustics
62,69.
. It is worth noting here that in the experiments
62
 the 
duration of the acoustic pulse initially launched in the medium was approximately ten times 
shorter than the period of the Brillouin oscillation, 
BT , but could become comparable to BT  at 
the largest imaged depths for the highest pump laser fluencies. At the same time for the 
highest laser fluencies the width of the shock front, which is controlled by the competition of 
the nonlinearity and dissipation, is shorter than the initial duration of the acoustic pulse even 
at the end of the experimental time window, i.e., at largest depths. The nonlinear dissipation 
of acoustic energy
69,113
 takes place in the weak shock front and the points of the shock front 
profile are the only points of the CAP profile, which are moving at time-dependent velocity. 
Thus, revealing by the TDBS of the time-dependent RdR /
62
 provides an experimental 
evidence of the TDBS sensitivity to the processes taking place in the shock front and of the 
TDBS imaging with spatial resolution much higher than one limited by the Brillouin 
wavelength, 
B . TDBS enabled
62
 determination of the acoustic nonlinearity parameter
113
 to 
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which the wave-amplitude-dependent quantity t /  is proportional
69
 (Fig. 13 (c)). A 
material-specific nonlinear acoustic parameter in a solid characterizes the anharmonicity of 
the intermolecular interaction potentials; in a liquid the same parameter should reflect an 
additional nonlinearity arising from structural relaxation. The experiments reported in Refs. 
61 and 62 demonstrate convincingly that TDBS opens the door to versatile measurements of 
gigahertz nonlinear acoustic phenomena.  
 
V.  PERSPECTIVES AND CONCLUSIONS       
It is evident from the extensive experimental advances seen to date that the possibilities for 
application of TDBS to nanoscale imaging are numerous. There exist some limitations and 
drawbacks of the TDBS scattering technique to imaging and some prospects in enhancing its 
functionalities. As it have been explained in Section II the spatial depth resolution of the 
TDBS imaging can be significantly better than one limited by the wavelength of the acoustic 
phonon at the BF, B . In all currently known TDBS experiments the duration of the laser 
pulses and the time interval t  between neighbor points in the signal are shorter than the 
duration of CAP, so the length of the CAP or of its sharp front localization are expected to be 
the limiting factors in the spatial resolution. However the spatial resolution was limited by the 
duration of the moving window, w , in which the theoretical signal was fitted to the 
experimental one, and in most of the experiments the window, w , was not narrower than the 
Brillouin oscillation period, DBT  /2 . Thus in most of the TDBS imaging experiments the 
spatial resolution was not better than B . There could be several possible reasons for choosing 
Bw T . First, in this large window a quasi-sinusoidal character of the signal is well 
determined and the well-developed/known approaches based on the Fourier and wavelet 
transforms could be applied. Second, in the case of the probe laser radiation at wavelength 
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400p nm the Brillouin wavelength, B , is around 100 nm, depending on the optical 
refractive index, and this spatial resolution could be sufficient for the experimental goals. 
Third, the shortening of w  additionally 4-5 times to a typical duration of the CAP could 
require improvement/modification of the experimental setup and would require application of 
less common/known methods for signal fitting. In the inhomogeneous medium in general both 
the amplitude and the phase of the TDBS signal are varying and each of them has to be 
approximated by a polynomial, for example, increasing the number of the fitting parameters. 
Then the minimum duration of w , which could be achieved, in general depends on the 
number tN w  /  of the experimental points in the moving window, on the signal-to-noise 
ratio (SNR) and on a desired accuracy in the determination of the parameters. The larger is 
SNR and N  the smaller could be uncertainty in the evaluation of the parameters. Shortening 
of w  without lose in accuracy could require increase of N  through the diminishing of t  
and the increase of SNR. Both could be achieved by increasing the experimental time if it is 
not limited by the stability of the laser or of the sample. When limited by the available 
experimental time the SNR could be still increased by longer acquisition time in each 
experimental point and t  could be diminished conserving the total duration of the 
experiment but diminishing the imaged depth of the sample.  
It is also obvious that to achieve the ultimate spatial resolution would be more and more 
complicated if the number of CAPs propagating simultaneously in an optically transparent 
sample increases, because of the necessary increase in the number of the fitting parameters. 
For example, this situation could take place when thin film OAT in Figs. 1 (a) is not well 
matched acoustically to the substrate or the tested inhomogeneous medium and emits a 
sequence of CAPs comparable in amplitude and periodically separated in time by the interval 
d  equal to the time required for the CAP to cross the film twice
25,48,69
 . If it is impossible to 
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avoid this type of the OAT ringing, then it could be worth trying to accomplish first the 
extraction of the distributions of material parameters from the data accumulated in the time 
window dt 0  and then to use the obtained results for theoretical prediction of the 
contribution to TDBS signal from the second CAP when dd t  2 and its deletion from the 
total TDBS signal. Thus the imaging by a single first CAP could be extended to the interval 
dd t  2 , and so on… However to keep the necessary level of accuracy in determining the 
material parameters could require broadening of w  to compensate the uncertainties 
accumulating at each next time interval. Similar approach could be suggested if a single CAP 
initially travelling in a sample composed of several inhomogeneous layers of different 
transparent materials splits at the interface between the layers into two CAPs (reflected and 
transmitted) providing comparable contributions to the TDBS. However, in the latter case, if 
the BFs in the two simultaneously probed layers are sufficiently different, it could be more 
profitable to fit the TDBS signal from two CAPs simultaneously, by extending the theoretical 
formulas and increasing the number of the fitting parameters. In any case, it is obvious that 
for achieving the higher spatial depth resolution it is highly desirable to realize in the TDBS 
experiments the conditions for imaging by a single CAP at a time. 
The limitation on the maximum depth of TDBS imaging could be caused by the attenuation of 
the CAP and/or of the probe light, and by decoherence of the reflected beams
25
. The probe 
light pulses scattered by the CAP should overlap in time in order to interfere at the 
photodetector. For example, in the simplest situation depictured in Fig. 3, if TDBS signal does 
not disappear at shorter distances due to limited penetration depths of CAPs and/or probe 
light, it will disappear at depths of CAP penetration exceeding half of the probe laser pulse 
length in the medium. For typical laser pulses of 200 fs duration these depths are 10 m  for 
the refractive indexes 3n . This limitation is rather technical than physical. If required, it 
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could be lifted off by using longer laser pulses. However, if the durations of the probe and 
pump laser pulses are mutually related and comparable, then possible elongation of the laser 
pulses is itself limited, because it could cause elongation of the CAP
36,37
. Another way to 
avoid the considered limitation could be splitting of a part of the probe beam before its 
incidence on the sample, delaying this part in time and using it for the heterodyning of the 
probe light scattered by the CAP.  
From the technical point of view, new developments in TDBS imaging can be expected due to 
possible acceleration in signal acquisition, which should provide faster access to larger 
amounts of data than is presently possible (e.g. to a larger number of scans and more pixels 
per image), improvement in the signal-to-noise ratio through increased averaging at a 
particular measurement point, and a decrease in maximum thermal and optical loadings of the 
samples. The ASOPs technique
73,83,84
 has already been applied for TDBS imaging
50-51
, while 
multichannel
115
 and wide-field
116
 systems have not yet seen experimental application. Also 
from the technical point of view, samples for TDBS imaging could be prepared in such a way 
that most of the spurious signals degrading the TDBS signal, such as contributions to transient 
reflectivity caused by photo-excitation of the optoacoustic transducer, are suppressed. For 
example, it would be advantageous to have spatial separation between the regions where the 
CAP’s are generated and the points where the inhomogeneities lie, as was done in some 
earlier picosecond ultrasonics experiments
117,118
. 
From the technical-physical point of view the prospects are related to the application in TDBS 
imaging of ultrafast time-resolved optical interferometry
119,116
 and optical 
polarimetry/ellipsometry
33,121-126
. Theory
65
 shows the advantages of depth profiling that could 
be gained if measurements of both the real and the imaginary parts of the transient reflectivity 
rtdr /)(  are determined by optical interferometry. In the ideal case, ultrafast interferometry 
presents the opportunity to separate exactly the slowly varying amplitude from the equally 
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slowly varying frequency of the BO. It is worth noting here that the separate measurements of 
the phase and of the amplitude of the TDBS signal by optical interferometry will require 
corresponding modifications of the current methods applied to TDBS signal processing. For 
example, all the methods exploiting somehow the Fourier transform become senseless, 
because neither amplitude nor phase is periodic in time. The explicit theoretical solutions for 
local BF as a function on time derivative of the measured phase of the TDBS signal could be 
applied for )(tB  extraction
65
. Thus, the achievement of the ultimate spatial resolution would 
be related to the minimization of the temporal window in which the phase (or phase derivative 
over time) could be adequately fitted to provide the required accuracy in the determination of 
)(tB when substituted in the analytical formulas. However, in most of the experiments this 
approach for absolute measurements of )(tB  requires additional independent measurement 
of some optical parameters of the samples and dedicated reduction/elimination of non-
acoustic contributions to the TDBS signals
65
. For some cases, where the non-acoustic 
components masking the “wanted” TDBS signal are present, theory proposes how multiple 
measurements at different angles and/or with different probe polarizations could be applied in 
order to extract the wanted variations of the amplitude and frequency. These prospects are not 
simply technical because the application in TDBS of the polarimetry, for example, provides 
access to imaging of the material parameters that are not accessible by common TDBS 
technique, such as optical refractive index measurements for ordinary and extraordinary light 
waves and determination of the different components of the photoelastic tensor, including 
those controlling acousto-optic mode-conversion of probe light
126
. By conducting TDBS at 
several polarizations of the probe light it has already been possible to reveal spatially 
inhomogeneous optical anisotropy induced by loading of the material in a DAC
47
 and to 
characterize spatial distributions of different photoelastic parameters of GaAs implanted by 
energetic protons
127
. Significant physical-technical progress also could be expected through 
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the application of shear CAPs for TDBS imaging. Although optoacoustic transducers for 
shear CAPs are more elaborate than those used for compression/dilatation waves
33,121-133
 and 
detection of shear CAPs as well
33,122,133
, their application would provide access to imaging of 
the complex shear rigidity of inhomogeneous media at nanoscale. 
From the physics point of view applications of TDBS imaging for deeper understanding of 
physical phenomena present themselves not only in the systems reviewed above but also in 
other materials, media, and structures that are spatially inhomogeneous at nanoscale. TDBS 
could be applied, for instance, to investigation of the physics of inhomogeneity of various 
transparent films, not simply those where the inhomogeneity is caused by post-deposition 
processing. The variation in the film texture with the increasing film thickness is considered a 
common phenomenon for film growth in general
134
. An inhomogeneity can also be introduced 
intentionally for the production of multilayered optical antireflective and highly reflective 
coatings
135
. Another possibility for the extension of physical applications of the TDBS 
technique is related to depth-profiling of the stress distribution near the surface of a crystal
136
. 
Knowledge of this distribution is not only of fundamental importance for surface and 
interfaces science but is also essential in microelectronics fabrication technologies. Stress in 
thin films in large scale integrated circuits can result in delamination of the film from the 
substrate, and cracking or buckling of the film itself. There can also be significant stress in the 
substrate as a result of the manufacturing process. Stress can come from the temperature 
gradients generated during solidification or as a result of deposition of structures on the 
surface. Thus, TDBS imaging of stress distributions in space could become an important 
technique for noncontact and nondestructive testing and control in micro and nano 
technology. Finally, the proven ability of the TDBS to monitor subsurface materials 
modifications in time
137,138
, opens the path for the development of 3D spatial imaging of 
transient processes at nanoscale. 
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